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J anua ry ,  1980 i n  p a r t i a l  f u l f i l l m e n t  of the  requi rements  f o r  t h e  
degree of Doctor of Phi losophy.  
ABSTRACT 
The acc l . i rna t~d  asexua l  reproduct ion  r a t e s  of many clones of 
Emi l i an i a  _L._ hux le~7 i  (52 ) ,  Gephyrocapsa .- oceanica (191,  
Cyclococcol i th ina  -- l ep topora  (311, Prorocentrum -mic-ans (281,  
Dissodini.im - - - - -- lu3il?a ( 2 2 ) ,  Thoracosphaera heimi (201, and Gonyau1.a~ 
- 
t amarens is  (83) were measured i n  s e v e r a l  l i g h t  and temperature  
regimes. The d a t a  were used t o  determine t h e  amount of g e n e t i c  
v a r i a b i l i t y  an2 t h e  s p a t i a l  p a t t e r n s  of gene t i c  d r f f e r e n t i a t i o n  i n  
t h e s e  s p e c i e s .  
Nope of the  s p e c i e s  examined exist pure ly  a s  c l o n e s  i n  n a t u r e .  
S t a t i s t i , c . a l l y  s i g n i f i c a n t  gene t i c  v a r i a b i l i t y  i s  found even among 
c lones  i s o l a t e d  from s i n g l e  water  b o t t l e s .  The amount oE g e n e t i c  
v a r i a b i l i t y  i n  asexual  reproduct ion  r a t e s  i n  i n d i v i d u a l  
, 
phytoplankton populat ions ranged from 3 t o  13% ( c o e f f i c i e n t s  of 
v a r i a t i o n ) .  There i s  no obvious r e l a t i o n s h i p  between t h e  amounts of  
g e n e t i c  v a r i a b i l i t y  i n  the populat ions and the  v a r i a b i l i t y  o r  
p r e d i c t a b i l i t y  of t he  environments from which they  were c o l l e c t e d .  
No g e n e t i c  d i f f e r e n t i a t i o n  w a s  found w i t h i n  t h e  Sargasso Sea i n  
any of t h e  oceanic  spec i e s ,  bu t  s t r o n g  gene t i c  d i f f e r e n t i a t i o n  was 
found between oceanic and n e r i t i c  populat ions of t he  two spec i e s  (E. 
hux ley i  ---- and G. oceanica)  found on both s i d e s  of t h e  Gulf Stream. 
- --
The s p a t i a l  p a t t e r n s  of gene t i c  d i f f e r e n t i a t i o n  appear t o  be 
d i f f e r e n t  i n  t h e s e  two s p e c i e s ,  however. Genet ic  d i f f e r e n t i a t i o n  
was found between populat ions from the  Sargasso Sea and the  s lope  
water  o f f  New England is - G. --- oceanica.  I n  E.  h u x l e y i  t h e  Sargasso 
- -----j 
Sea and s lope  water were s i m i l a r ,  bu t  d i f f e r e n t  from the  
Gul t  o f  Naine popula t ions .  
Of the t h r e e  spec ies  f o r  which populat ions were c o l l e c t e d  a t  
d i f f e r e n t  times of t he  year (E. - h u x l e y i ,  - C. - l e p t o p o r a ,  and - T. 
h e i m i ) ,  -- t h e r e  i s  evidence of s i g n i f i c a n t  seasonal  g e n e t i c  changes i n  
only  one (C. l ep topora ) .  
Thes i s  Superv isor :  Robert R.  L. Gui l l a rd  
Thes is  Conni t tee :  Lynda S .  Nurpl~y 
J. Fredergck G r a s s l e  
Robert C. Beardsley 
S a l l i e  W .  Chisholm 
Richard C. Lewontin 
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INTRODUCTION 
INTRODUCTION 
D i v e r s i t y  i s  an obvious a t t r i b u t e  of t h e  b i o l o g i c a l  world,  bu t  
the way i n  which t h i s  d i v z r s i t y  i s  apport ioned among e c o l o g i c a l  and 
evo lu t iona ry  u n i t s  i s  no t  obvious or  easy t o  determine.  The concept 
of t h e  spec i e s  p lays  an important  r o l e  i n  p a r t i t i o n i n g  t h i s  
d i v e r s i t y  and i n  organiz ing  thoughts  and experiments  i n  b i o l o g i c a l  
r e s e a r c h ,  bu t  i t  i s  not  c l e a r  when the  use of t h i s  concept i s  
a p p r o p r i a t e  and when i t  i s  no t .  The concept of t h e  s p e c i e s  
p r e s e n t l y  p lays  a  cer i t ra l  r o l e  i n  eco log ica l  t heo ry .  It i s  the  
s p a t i a l  and temporel d i s t r i b u t i o n  and abundance of spec i e s  which 
many e c o l o g i s t s  t r y  t o  exp la in .  
Hutch inson ' s  n-dimensional n iche  hyperspace concept  ( ~ u t c ' ~ '  I l n son ,  
1957) is  o f t e n  consldzred q u i t e  u s e f u l  i n  a t t empt ing  t o  e x p l a i n  t h e  
d i s t r i b u t i o n  of a  spec i e s .  This  n iche  hyperspace maps components of 
f i t n e s s  wi th  r e s p e c t  t o  environmental v a r i a b l e s .  It r e p r e s e n t s  t h e  
g e n e t i c  p o t e n t i a l  cf the  i n d i v i d u a l  organism i n  a  spectrum oE 
e n v i r o m ~ e n t s .  A two-dimensional s l i c e  throug11 t h e  n iche  hyperspace 
which r e l a t e s  a  component of f i t n e s s  t o  an environmental  v a r i a h l e  
w i l l  be c a l l e d  an envi ronnenta l  f i t n e s s  curve i n  t h i s  t h e s i s .  
The s tudy  of p l~ytoplankton  ecology has  been g r e a t l y  f a c i l i t a t e d  
by t h e  f a c t  t h a t  many components of t h e  n iche  hyperspace of 
phytoplankto :~  can be measure? under con t ro l l ed  l a b o r a t o r y  cond i t i ons  
\ 
raEher e a s i l y  ( r e l a t i v e  t o  most organisms). The componeiit oE 
f i t n e s s  nleasurcd almost exc lus ive ly  i n  phytoplankton s t u d i e s  has 
been the  asexual  reproduct ion  r a t e .  But t he  comrr~on p r a c t i c e  has 
been t o  s tudy  components of the niche hyperspace of a  s i n g l e  clone 
of a spec i e s  and e x t r a p o l a t e  t h i s  t o  t he  e n t i r e  popula t ion  cr 
spec i e s .  To what ex t en t  an ind iv idua l  ' s  niche hyperspace i s  
r e p r e s e n t a t i v e  of a l l  t h e  i nd iv idua l s  of a popula t ion  o r  s p e c i e s ,  
however, i s  open t o  deba te .  This  has been a  s u b j e c t  of primary 
i n t e r e s t  t o  populat ion g e n e t i c i s t s  and evo lu t iona ry  b i o l o g i s t s  f o r  a  
long time. 
Three genera l  ques t ions  can be asked. F i r s t ,  t o  what e x t e n t  
have d i f f e r e n t  p o ~ u l a t i o n s  of t h e  same spec ies  d i f f e r e n t i a t e d  
g e n e t i c a l l y ,  r e s u l t i n g  i n  s p a t i a l l y  or  temporally s epa ra t ed  
populat ions with d i f f e r e n t  composite niche hyperspaces? Second, how 
much gene t i c  v a r i s b i l i t y  i n  components of the n i che  hyperspace 
e x i s t s  wi th in  a  s i n g l e  popillation? Thi rd ,  how r a p i d l y  can a  
popula t ion  o r  spec i e s  evolve i n  response t o  envirocmental  changes? 
These a r e  the qliestions addressed i n  t h i s  t h e s i s .  
Genetic d i f f e r e n t i a t i o n  -- 
Whether the spec i e s  or t he  populat ion should be considered a s  
t he  primary eco log ica l  and evolu t ionary  u n i t  depends upon t h e  amount 
of gene flow o c c u r r i n ~  and how much genet ic  d i f f e r e ~ l t i a t i o n  has 
developed. Genet ic  d i f f e r e n t i a t i o n  atnone geographica l ly  s epa ra t ed  
p o p u l a t i o n s  i s  now w e l l  known i n  t e r r e s t r i - a 1  p l a n t s .  T h e  e a r l y  work 
by Tu.resson, Gregor ,  C lausen ,  Keck, and Hiesey  and more r e c e n t  work 
on g e n e t i c  d i f f e i : e n t i a t i o n  in t e r r e s t r i a l  p l a n t  s p e c i e s  has  been 
reviewed by Morley (1959) ,  Mayr (1963) ,  Heslop- Harr ison (19541, 
Hiesey  and Mi lner  (19651, J a i n  and Bradshaw (1966) ,  S t e b b i n s  (1970) ,  
L a n g l e t  (19711, B r a d s h a i ~  (19721, and Snayden (1973) .  
The development of g e n e t i c  d i f f e r e n t i a t i o n  by d i v e r s i f y i n g  
s e l e c t i o n  i s  opposed,  t o  some d e g r e e ,  by d i s p e r s a l  and gene f low.  
The r e l a t i v e  r o l e s  of s e l e c t i o n  p r e s s u r e  and gene flow i n  shap ing  
geographic  g e n e t i c  p a t t e r n s  a r e  n o t  w e l l  unders tood  (see Mayr, 1963; 
E h r l i c h  and Raven, 1969; E n d l e r ,  1973; S o k a l ,  1974; and Lev in ,  1979 
f o r  d i v e r g e n t  v i e ? ~ s  on t h i s  s u b j e c t ) .  Recent  s t u d i e s  have 
demons t ra ted  t h a t  v e r y  l i t t l e  d i s p e r s a l  and gene f low a c t u a l l y  
, . . . 
o c c u r s  i n  many t e r r e s t r i a l  p l a n t s ,  d e s p i t e  t h e  i n i t i a l  impress ion  
one  g e t s  t h a t  seeds  and p o l l e n  t r a v e l  long  d i s t a n c e s  ( s e e  reviews by 
~ h r l - i c h  and Raven, 1959; Bradshaw, 1972; and Lev in  and K e r s t e r ,  
1974) .  T h e r e f o r e ,  it i s  no t  known whether  t h e  g e n e t i c  
d i f f e r e n t i a t i o n  observed i n  t e r r e s t r i a l  p l a n t s  i s  more t h e  r e s u l t  o f  
r educed  d i s p e r s a i  and gene flow o r  t h e  r e s u l t  of s t r o n g  s e l e c t i v e  
f o r c e s  a c t i n g  on p o p u l a t i o n s  w i t h  a d e q u a t e  g e n e t i c  v a r i a b i l i t y  f o r  
d i v e r s i f y i n g  s e l e c t i o n  t o  a c t  upon. 
D e s p i t e  a l l  t h e  d a t a  on g e n e t i c  d i f f e r e n t i a t i o n  i n  t e r r e s t r i a l  
p l a n t s ,  v e r y  l i t t l e  i s  known about g e n e t i c  d i f f e r e n t i a t i o n  i n  mar ine  
phy top lank ton  s p e c i e s .  Day (1963) ,  H a r t  (1963) ,  and McGowan (1971)  
have argued t h a t  l i t t l e  i f  any gene t i c  d i f f e r e n t i a t i o n  should be 
expected i n  marine phytoplankton spec ies  because they  a r e  subjec ted  
t o  such l a r g e  amounts of advect ion and p o t e n t i a l  gene flow over 
l a r g e  geographical  a r eas .  This would be t r u e  only  i f  gene flow 
c l o s e l y  fol lows advect ion pa t t e rns  and i f  gene flow r e a l l y  i s  
important i n  prevent ing  gene t i c  d i f f e r e n t i a t i o n  from developing. 
The hypothesis  t h a t  l i t t l e  gene t i c  d i f f e r e n t i a t i o n  e x i s t s  i n  marine 
phytoplankton needs t e s t i n g .  P laces  i n  t h e  ocean such a s  t h e  
A n t a r c t i c  Convergence, Gulf Stream, and Kuroshio Current  a r e  r a t h e r  
s t rong  b a r r i e r s  t o  d i s p e r s a l  and sepa ra t e  q u i t e  d i f f e r e n t  
environmental regimeu. It is not hard t o  env i s ion  gene t i c  
d i f f e r e n t i a t i o n  flevcloping i n  spec ies  which l i v e  on both s i d e s  05 
t h e s e  b a r r i e r s .  Indeed,  t h i s  seems t o  be the  case  f o r  I ' ha l a s s ios i r a  
pseudonana. 
-.- - 
Genetic  d i f f e r e n c e s  between th ree  clones of t h i s  s p e c i e s ,  one 
from an e s tua ry  on Long I s l a n d ,  one from the  s lope  water o f f  New 
England? and one from the Sargasso Sea ,  have Seen demonstrated i n  
t h e i r  reproduct ion  r a t e s  a t  var ious  temperatures  and s a l i n i t i e s  
(Gui l la rd  and Ryther ,  1962),  capac i ty  f o r  u s ing  v a r i o u s  organic  
n i t rogen  so!lrces (Ggil l -ard,  1963),  vitamin B12 s p e c i f i c i t y  
(Gu i l l a rd ,  1968),  h a l f -- s a t u r a t i o n  cons tan ts  f o r  n i t r a t e  uptake 
( ca rpen te r  and G u i l l a r d ,  1971),  s e n s i t i v i t y  t o  po lych lo r ina t ed  
biphenyls  ( F i s h e r ,  - e t  -- al., 19731, maxinun uptake r a t e s  of s i l i c i c  
ac id   elso son, -- e t  a l . ,  19761,  e l e c t r o p h o r e t i c  m o b i l i t y  of isozymes 
, 
( ~ i u r p l ~ y  and G u i l l a r d ,  19761, s e n s i t i v i t y  t o  e x o t i c  chemicals 
( F i s h e r ,  1977),  d i e 1  c e l l  d i v i s i o n  p e r i o d i c i t y  (Nelson and Brand, 
1979),  and s e n s i t i v i t y  t o  a  complex i n d u s t r i a l  waste  product ( ~ u r p h ~  
and Belastock,  1980). Despi te  l a r g e  gene t i c  d i f f e r e n c e s  between 
n e r i t i c  and oceanic  c lones ,  very l i t t l e  o r  no g e n e t i c  d i f f e r e n c e s  
can be de t ec t ed  between n e r i t i c  c lones  i s o l a t e d  from such widely 
separa ted  p laces  a s  New York, V i r g i n i a ,  Germany, A u s t r a l i a ,  and the  
Vi rg in  I s l a n d s   rand , -- e t  a l . ,  1980). More gene t i c  v a r i a b i l i t y  was 
found among f i v e  clones of - T. pseudonana -- from one water b o t t l e  
c o l l e c t e d  i n  a  warm core eddy than  t h e r e  was aEong t h e  f i v e  n e r i t i c  
c lones  from widely d i f f e r e n t  p a r t s  of the  world  rand, -- e t  a l . ,  
1.980). Thus, how s p a c i a l  pa t t e rns  of gene t i c  d i f f e r e n t i a t i o n  r e l a t e  
t o  the s p a t i a l  p a t t e r n s  of d i s p e r s a l  and environmental f a c t o r s  i s  
not a t  a l l  obvious. Deta i led  geographic gene t i c  s t u d i e s  on more 
spec i e s  must be cg r r i ed  out  t o  determine t h e s e  s p a t i a l  g e n e t i c  
pa t  t e r n s .  
The d a t a  on the  gene t i c  s t r u c t u r e  of Thalass ios i ra_  -- piudonana_  
may not  he  r e p r e s e n t a t i v e  of marine phytoplankton i n  genera l .  I n  
many ways, -- T. pseudonana i s  not  a  t y p i c a l  marine phytoplankton 
s p e c i e s .  F i r s r  of a l l ,  i t  appears not  t o  be a  dominant s p e c i e s  i n  
the  ocean aithough i t  can Eorm extens ive  blooms i n  c e r t a i n  e s t u a r i e s  
(Gu i l l a r d  and Kyther,  1962). Never the less ,  i t  is cosrnopol-itan, 
be ing  found i n  the  open ocean, c o a s t a l  wa te r s ,  e s t u a r i e s ,  l akes  and 
r i v e r s  ( ~ u i l l a r d  and Ryther ,  1962; Hasle and Heirndal, 1970; 
-1- 
Hargraves and Levandowsky, 1971 ; Niemi and Ha l l f  o r s  , 1974; Lowe and 
Busch, 1975; Makarova, 1976; Hasle ,  1976, 1975; F r y x e l l  and Hasle., 
1977; Belcher and Swale, 1977). Very few spec i e s  a r e  found i n  such 
a wide range of h a b i t a t s .  Few marine spec i e s  a r e  eve r  found i n  
freshwater  l akes  and r i v e r s .  
A second problem i s  t h a t  i t  i s  poss ib l e  t h a t  T. pseudonana i s  
r e a l l y  a  c l u s t e r  of s i b l i n g  s p e c i e s ,  which have d i v e r s i f i e d  i n t o  
d r a s t i c a l l y  d i f f e r e n t  h a b i t a t s .  This  ques t ion  has  been addressed by 
Murphy and Gu i l l a rd  (1976). Their  e l e c t r o p h o r e t i c  d a t a  i n d i c a t e  
tha.t T. pseudonana i s  d i f f e r e n t i a t e d  i n t a  a t  l e a s t  two d i s t i n c t  
- 
populat ions ( c o ~ s t a l  and oceanic)  with complex h y b r i d i z a t i o n  
occurr ing  h e n  they  m i x .  Thus, t he  e l e c t r o p h o r e t i c  d a t a ,  wh i l e  not  
proof ,  support  t h e  idea  t h a t  T. pseudonana i s  e i t h e r  one spec i e s  
- 
wi th  s t rong  g e n e t i c  d i f f e r e n t i a t i o n  or two h y b r i d i z i n g  semispecies .  
Thi rd ,  t h e  G u l f  Stream i s  one of t h e  s t r o n g e s t  b a r r i e r s  i n  t he  
ocean and sepa ra t e s  very d i f f e r e n t  environmental regimes.  The Gulf 
Stream i s  a l s o  a  r e l a t i v e l y  old f e a t u r e  of t h e  ocean ( ~ e t g g r e n  and 
H o l l i s t e r ,  1977; Kaneps, 1979). Therefore,  i t  i s  n o t  s u r p r i s i n g  t o  
EIncl gene t i c  d i f f e r e n t i a t i o n  developed i n  T. pseudonana ac ros s  t h e  
- - 
Gulf Stream because of the l a rge  envi ronnenta l  d i f f e r e n c e s  across  i t  
and t h e  long  time period over which d i f f e r e n t i a t i o n  could have 
developed. 
Altho~lgh one can argue t h a t  - T.  pseudonana i s  n o t  a t y p i c a l  
marine phytoplankton s p e c i e s ,  unpublished d a t a  of G u i l l a r d  and 
Hulburt (presented  i n  Gu i l l a rd  and Kilham, 1977) show gene t i c  
d i f f e r e n c e s  between c lones  from t h e  Woods Hole a r e a  and t r o p i c a l  
. 
A t l a n t i c  c o a s t a l  waters  i n  four  o the r  diatom spec ie s .  Genet ic  
d i f f e r e n c e s  between temperate '  and t r o p i c a l  c lones  have a l s o  been 
observed i n  Phaeocys t i s  pouchet i  ( ~ u i l l a r d  and H e l l e b u s t ,  1971) and 
--- 
U i  t?dulphia a u r i t a  ( u n d e r h i l l ,  1977). Other g e n e t i c  d i f f e r ences  
-- --- 
known t o  occur between clones of marine phytoplankton spec ies  a r e  ia  
heavy metal. t o l e r ance   ensen en, e t  a l . ,  1974; Rraek,  e t  a l . ,  19761, 
-- --
bioluminescence (Swif t ,  e t  a l . ,  1973; Schmidt, e t  a l . ,  1978) and 
-- - -  
I 
r eproduct ion  r a t e s  ( ~ r a a r u d ,  1951; Swi f t ,  e t  a l . ,  1973).  Therefore ,  
-- 
t h e  p o s s i b i l i t y  e x i s t s  t h a t  gene t i c  d i f f e r e n t i a t i o n  has developed i n  
many o r  most phytoplaokton spec i e s .  
The d a t a  a v a i l z b l e  a t  the  present  time on c l o n a l  d i f f e r ences  i n  
marine phytoplar~kCun spec i e s  a r e  inadequate  f o r  determining what 
proportion- of marine phytoplankton spec i e s  have developed gene t i c  
d i E f e r e n t i a t i o n  and on what s p a t i a l  s c a l e s  t h i s  can occur because 
Y 
t o o  few clones have been exanined. Nei ther  d id  t h e s e  pas t  s t u d i e s  k 
cons ider  t h e  gene t i c  v a r i a b i l i t y  wi th in  each popula t ion  sampled, 
making i t  impossibie  t o  know whether the  c l o n a l  d i f f e r e n c e s  observed 
. , .  . i nd  i w-t-e-g cnet-k--d--d&ff m t + a e e  9 11 -.. i y 
w i t h i n  n a t u r a l  popula t ions .  
One purpose of t h i s  t h e s i s  was t o  determine how much gene t i c  
d i f f e r e n t i a t i o n  e x i s t s  i n  o t h e r  spec i e s  of phytoplankton,  e s p e c i a l l y  
d i n o f l a g e l l a t e s  and coccol i thophores ,  Secause e s s e n t i a l l y  a l l  the  
~\ 
work done s o  f a r  has been on diatoms. Furthermore,  t h e  sampling was 
designed t o  t e s t  f o r  the  occurrence of g e n e t i c  d i f f e r e n t i a t i o n  on 
smal le r  s p a t i a l  s c a l e s  than have h e r e t o f o r e  been examined. 
Genet ic  v a r i a b i l . i t y  - 
How much g e n e t i c  v a r i a b i l i t y  e x i s t s  w i th in  a  s i n g l e  populat ion 
i s  a  more d i f f i c u l t  ques t ion .  The amount of g e n e t i c  v a r i a b i l . i t y  
w i t h i n  i n t e r b r e e d i n g  populat ions has  been an impor t  an t  concern f o r  
p o p u l a t i ~ n  g e n e t i c i s t s  and evo lu t iona ry  b i o l o g i s t s  eve r  s i n c e  
I 
Chetver ikov (19261, F i she r  (19301, Wright (19311, and Haldane (1932) 
d i scussed  tho p o t e n t i a l  r e l a t i o n s h i p  between g e n e t i c  v a r i a b i l i t y  and 
e v o l c t i o n a r y  change. Two d ivergent  views on t h e  amount and r o l e  of 
g e n e t i c  v a r i a b i l i t y  in n a t u r a l  popula t ions  have developed and 
p e r s i s t e d  t o  the presen t  t ime. Deriving l a r g e l y  from the muta t iona l  
s t u d i e s  pioneered by Muller , .  one t heo ry  has  been t h a t  most n a t u r a l  
popula t ions  a r e  g e n e t i c a l l y  q u i t e  homogeneous. It holds  t h a t  most 
of t h e  g ~ n e t i c  v a r i a b i l i t y  wi th in  popula t ions  i s  l a r g e l y  t h e  r e s u l t  
of d e l e t e r i o u s  mutat ion p re s su re .  Only ever  s o  r a r e l y  does an 
advantageoas muta t ion  appear which i s  s e l e c t e d  f o r  i n  t h e  
popula t ion .  Thj-s  v iex  of g e n e t i c  v a r i a b i l i t y  i n  n a t u r a l  popula t ions  
l e a d s  t o  t h e  conc?usion t h a t  e v o l u t i o n  i s  slow and dependant upon 
r a r e ,  random, mu ta t i ona l  events  ( s ee  Mul le r ,  1.950, 1958; and Kimura 
and Ohta,  1971a f o r  a  p r e s e n t a t i o n  of t h i s  h y p o t h e s i s ) .  An 
a l t e r n a t i v e  hypothes i s  i s  t h a t  ex t ens ive  balanced polymorphism 
e x i s t s  w i th in  n a t u r a l  popula t ions .  This  hypothes i s  developed 
subsequent t o  the  f i nd ings  by Dobzhansky and o t h e r s  of chromosonal 
polymorphisms maintained i n  n a t u r a l  populat ions o f  Drosophi la  
(reviewed by Dobzhansky, 1970 and Parsons and McKenzie, 1972). 
Suppor te rs  of t h i s  hypothes i s  arg:le t h a t  l a r g e  amounts of gene t i c  
v a r i a b i l i t y  a r e  maintained i n  n a t u r a l  popula t ions  by ba lanc ing  
s e l e c t i o n .  This  l a r g e  pool of g e n e t i c  v a r i a b i l i t y  may then al low 
g e n e t i c  adap ta t i on  t o  environmental changes t o  accur  r a t h e r  
r a p i d l y .  This  second view on t h e  amount of g e n e t i c  v a r i a b i l i t y  and 
i t s  r o l e  i n  n a t u r a l  popula t ions  l eads  t o  t h e  conc lus ion  t h a t  
e v o l u t i o n  can be  r a p i d ,  perhaps on an e c o l o g i c a l  t ime s c a l e ,  
a l lowing  populet ions t o  t r a c k  t h e i r  environment g e n e t i c a l l y  t o  sone 
e x t e n t .  
B i o l o g i s t s  I n  d i f f a r e n t  d i s c i p l i n e s  tend t o  adopt  d i f f e r e n t  
views on how much gene t i c  v a r i a b i l i t y  e x i s t s  i n  n a t u r a l  popula t ions  
( e i t h e r  e x p l i c i t l y  o r  i m p l i c i t l y ) .  Most phys io log i ca l  e c o l o g i s t s  
i m p l i c i t l y  assume t h e  c l a s s i c a l  view of t h e  species- -- that  t h e r e  is 
l i t t l e  g e n e t i c  v a r i a b i l i t y  and t h a t  each spec i e s  has  e s s e n t i a l l y  one 
n i che .  This  allows them t o  s tudy  t h e  physiology of a  s i n g l e  
organism and e x t r a p o l a t e  t o  t h e  e n t i r e  s p e c i e s .  T h i s  concept i s  
used i n  n o s t  t h e o r i e s  concerning Siogeography , s p e c i e s  d i v e r s i t y ,  
and compet i t ion .  This  view i s  a l s o  i m p l i c i t l y  h e l d  by 
p a l e o e c o l o g i s t s  who f u r t h e r  assume t h a t  t h e  n i che  of a  s p e c i e s  
remains r a t h e r  cons tan t  over geo log ica l  t ime, t h u s  a l lowing  t h e  use 
\ 
of f o s s i l s  a s  i n d i c a t o r s  of pas t  environments. Sachs ,  e t  a l .  (1977) 
--
have reviewed the  techniques and assumptions of t h i s  method. 
On t h e  o ther  hand, most (but  not a l l )  popula t ion  g e n e t i c i s t s  and 
evolu t ionary  b i o l o g i s t s  be l i eve  t h a t  much g e n e t i c  v a r i a b i l i t y  is 
hidden under t he  apparent  morphological un i formi ty  of a spec i e s .  
Many theo r i e s  i n  e v o l u ~ i o n a r y  ecology a r e  op t imiza t ion  t h e o r i e s ,  
which assume t h a t  most n a t u r a l  populat ions have adequate  gene t i c  
information and evo lu t iona ry  p o t e n t i a l  for  evolv ing  the  "optimal 
s t r a t e g y"  f o r  a  p a r t i c u l a r  environment ( see  Lewontin, 1978; and 
Maynard Smith, 1978a f o r  a d i scuss ion ) .  How e a s i l y  o r  how f a r  
populat ions a r e  a'ble t o  evolve along the  " adapt ive  topography" ( s e e  
Lewontin and White, 1950; Turner ,  1967; and Wallace,  1968b f o r  a  
d i scuss ion  of c h i s  concept)  towards an "adapt ive peak" o r  "optimal 
s t r a t e g y"  i s  unknown. 
A l l  indlvidua1.s a r e  d i f f e r e n t  from each o t h e r  t o  somc degree,  of 
course.  ' But i t  i s  unclear  and d i f f i c u l t  t o  determine how much of 
j' 
\ .  
t h e  v a r i a b i l i t y  o3served i s  caused by environmental and 
deve lop iue~ ta l  d i f f e r e n c e s  and how much i s  t he  r e s u l t  of gene t i c  
d i f f e r e n c e s .  Genet ic  d i f f e r e n c e s  between i n d i v i d u a l s  from the sane  
popula t ion  a re  known. It i s  upon these  d i f f e r e n c e s  t h a t  Mendelian 
g e n e t i c s  has been developed ( a1  though many Mendelian g e n e t i c i s t s  
have r e l i e d  upon a r t i f i c i a l l y  induced mutat ions t o  provide t h e  
g e n e t i c  differer ices  they  work w i t h ) .  But the  d i f f e r e n c e s  s tud ied  by 
Mendelian g e n e t i c i s t s  a r e  u s u a l l y  i n  c h a r a c t e r i s t i c s  ( o f t e n  
morpl~ologica l )  of obscure adapt ive s i g n i f i c a n c e .  The adapt ive  
c h a r a c t e r i s t i c s  f o r  which po~ymorphisms a r e  known (reviewed by Ford,  
1971 and Clarke ,  1975, 1979) a r e  u sua l ly  c o n t r o l l e d  by a s i n g l e  gene 
o r  only a  few genes. I t  is not c l e a r  whether s i m i l a r  amounts of 
gene t i c  v a r i a b i l i t y  can be expected i n  h ighly  polygenic  
c h a r a c t e r i s t i c s  such as  temperature f i t n e s s  curves .  Seg rega t iona l  
load could be a  s i g n i f i c a n t  d e t e r r e n t  t o  ex t ens ive  g e n e t i c  
v a r i a b i l i t y  i n  h igh ly  polygenic c h a r a c t e r i s t i c s .  
Furthermore, c l a s s i c a l  Mendelian gene t i c  a n a l y s i s  can d e t e c t  
, 
only gene t i c  l o c i  t h a t  a r e  polymorphic. I t  i s  j u s t  a s  important  t o  
a sk  what propor t ion  of a l l  the genes i n  an organism a r e  monomorphic 
wi th in  a  p o p u l a t i m ~ .  An understanding of t h e  g e n e t i c  p o t e n t i a l  of a  
populat ion r e q u i r e s  a  knowledge of the propor t ion  of genes t h a t  a r e  
polymorphic, t h e  number of a l l e l e s  a t  a l o c u s ,  t h e i r  d i s t a n c e  t o  
f i x a t i o n ,  t he  p o ~ e n t i a l  i n t e r a c t i o n s  between genes ,  and t h e  degree 
t o  which d i f f e r e n t  a l l e l e s  r e s u l t  i n  d i f f e r e n t  f i t n e s s e s .  
i 
P a r t  of t h i s  problem was solved i n  1966, when t h e  technique of 
ge l  e l e c t r o p h o r e s i s  was used on enzyme e x t r a c t s  of i n d i v i d u a l s  t o  
d e t e c t  approximately one- fourth of the amino a c i d  d i f f e r e n c e s  i n  
p a r t i c u l a r  enzynes between ind iv idua l s  and de termine  what propor t ion  
of the genes t h a t  code f o r  enzymes a r e  polymorphic ( ~ u b b ~  and 
Lewontin, 1966; Lewontin and Hubby, 1966; H a r r i s ,  1966).  This  
technique has s i n c e  been widely used by many popu la t ion  g e n e t i c i s t s  
( s e e  Lewontin, 1974a and Ayala, 1976 f o r  a review).  The technique 
\ 
i s  l i m i t e d  by t h e  f a c t  t h a t  i t  can observe  v a r i a b i l i t y  i n  on ly  
s t r u c t u r a l  genes and can d e t e c t  o n l y  about  one- four th  of a l l  t h e  
amino a c i d  s u b s t i t u t i o n s  p o s s i b l e  (King and Wilson,  1975; Lewontin,  
1974a; S e l a n d e r ,  1976). N e v e r t h e l e s s ,  t h e  e l e c t r o p h o r e t i c  d a t a  have  
shown t h a t  tremendous amounts of g e n e t i c  v a r i a b i l i t y  e x i s t  w i t h i n  
n a t u r a l  p o p u l a t i o n s  a t  t h e  molecu la r  l e v e l .  
But t h e s e  d a t a  have n o t  r e a l l y  answered t h e  q u e s t i o n  of how much 
g e n e t i c  v a r i a b i l i t y  t h e r e  i s  i n  a d a p t i v e  c h a r a c t e r i s t i c s  and 
components of f i t n e s s .  It i s  p o s s i b l e  t h a t  most o f  t h e  
e l e c t r o p h o r e t i c a l l y  d e t e c t a b l e  d i f . f e r e n c e s  i n  amino a c i d  sequences  
i n  enzymes do n o t  r e s u l t  i n  d i f f e r e n c e s  i n  f i t n e s s  ( ~ i m u r a ,  1968, 
1969; King and J u k e s ,  1969; Kimura and Ohta,  1971a,  1971b; Jungck,  
1971) .  I f  t h i s  i s  the c a s e ,  t h e  h y p o t h e s i s  t h a t  t h e  p o p u l a t i o n  o r  
s p e c i e s  i s  g e n e t i c a l l y  q u i t e  uniform i n  a d a p t i v e  c h a r a c t e r i s t i c s  and 
f i t n e s s  components could  s t i l l  be t r u e .  The r i g o r o u s  d e t e r m i n a t i o n  
o f  whether  o r  n o t  many d i f f e r e n t  e l e c t r o m o r p h s  h a v e  s i g n i f i c a n t l y  
d i f f e r e n t  f i t n e s s  v a l u e s  has  proven t o  be very d i f f i c u l t  (Lewontin,  
1374a; Ewens and Feidman, 1976; Avise ,  1977) .  Thus t h e  q u e s t i o n  
s t i l l  remains--how much g e n e t i c  v a r i a b i l i t y  e x i s t s  w i t h i n  a  
p o ~ u l a t L c n  i n  a d a p t i v e  c h a r a c t e r i s t i c s  and components of f i t n e s s ?  
The i n i t i a l  d i s c o v e r y  o f  l a r g e  amounts o f  e l - e c t r o p h o r e t i c  
polymorphism i n  n a t u r a l  popu la t io l l s  l e d  t o  a problem w i t h  t h e  
c o n c e p t  of g e n e t i c  load  ( ~ e v o n t i n  and Hubby, 1966).  Th i s  problem 
was p a r t i a l l y  so lved  when Sved, -- e t  a l . (1967) ,  RLng (1967) ,  Milkman 
(19671 ,  and Wallace (1968a, 1970) pointed out  t h a t  abso lu t e  f i t n e s s  
va lues  a r e  meaningless and t h a t  e p i s t a t i c  i n t e r a c t i o n s  a r e  l i k e l y  
( inc lud ing  th re sho ld  responses) .  Furthermore, Wallace (19582, 1975) 
poia ted  out  t h a t  a t  l e a s t  some genet ic  3oad i s  balanced by 
eco log ica l '  load .  The "cost" of evolu t ionary  p o t e n t i a l  i s  an 
important cons ide ra t ion ,  bu t  i t  must be weighed a g a i n s t  t h e  "cost" 
of not  evolving.  While the  concepts of r e l a t i v e  f i t n e s s  of most 
probable genotypes,  th reshold  responses,  and g e n e t i c  load balanced 
by eco log ica l  load reduce the problem of enormous g e n e t i c  load t o  
some degree ,  t he  problem of o v e r a l l  gene t i c  va r i ance  i n  f i t n e s s  
va lues  remains. No mat te r  what the abso lu t e  f i t n e s s  va lues  a r e ,  a 
l a r g e  va r i ance  i n  f i t n e s s  would not  be expec ted ,  because i t  would 
r e s u l t  i.n e i t h e r  b i o l o g i c a l l y  u n r e a l i s t i c  low va lues  a t  one end of 
t he  range c r  absurd ly  h igh  values a t  t h e  o t h e r  end. On t h e  o the r  
hand, i f  the va r i snce  i s  q u i t e  smal l ,  then s e l e c t i o n  c a e f f i c i e n t s  
a r e  small  and gene t i c  change i s  n e c e s s a r i l y  slow. I n  small  
populat ions wi th  ex tens ive  poly~rlorphism but  only small  s e l e c t i o n  
c o e f f i c i e n t s ,  gene t i c  d r i f t  could become q u i t e  impor tan t .  Random 
d r i f t  t o  f i x a t i o n  could make the maintenance of advantageous a l l e l e s  
d i f f i c u l t .  A knowledge of t he  genet ic  va r i ance  i n  f i t n e s s  values i n  
n a t u r a l  popula t ions  i s  of g rea t  importance. A knowledge of the 
number of genes i n  t he  genome of a  populat ion t h a t  a r e  polymorphic 
i s  not su fE io i en t .  
Even i f  we could be s u r e  t h a t  a  s u b s t a n t i a l  f r a c t i o n  of the 
\ 
e l e c t r o p h o r e t i c  d i f f e r e n c e s  do r e s u l t  i n  d i f f e r e n c e s  i n  f i t n e s s ,  w e  
cannot be su re  i f  any of it i s  a d d i t i v e  and what kind of adapt ive  
gene t i c  changes t h e  genet ic  v a r i a b i l i t y  w i l l  a l low.  It i s  q u i t e  
l i k e l y  t h a t  populat ions can have g e n e t i c  v a r i a b i l i t y  which w i l l  
a l low them t o  evolve i n  response t o  one type of environmental 
change, bu t  not another .  Sure ly  some c h a r a c t e r i s t i c s  can evolve 
more r a p i d l y  than o the r s .  The e l e c t r o p h o r e t i c  d a t a  do not  t e l l  us  
much aboilt s p e c i f i c  adap ta t ions  t o  t he  environment. 
This  po in ts  t o  a dilemma i n  t r y i n g  t o  determine how much gene t i c  
v a r i a b i l i t y  e x i s t s  w i th in  n a t u r a l  populat ions.  The b a s i c  problem j s  
t o  s e p a r a t e  the  genecic and environmental causes of phenotypic 
v a r i a b i l i t y .  Most populat ion g e n e t i c i s t s  have ~ t t e i n p t e d  t o  so lve  
t h i s  problem by examining t h e  molecular  end of t h e  on togene t i c  
p roces s ,  because gene t i c  d i f f e r e n c e s  between i n d i v i d u a l s  i n  
molecular  c h a r a c t e r i s t i c s  such a s  nuc leo t ide  and amino .acid 
sequences a r e  influqnced l i t t l e  by environmental f a c t o r s .  But the  
c h a r a c t e r i s t i c s  of most d i r e c t  importance f o r  adap ta t ion  t o  t h e  
environment (comp~nents  of f i t n e s s  ) a r e  a l s o  the  ones most 
in f luenced  by e n v i r o l ~ m e n ~ a l  v a r i a b l e s  dur ing  the  on togene t i c  
process .  Thus, t he  c h a r a c t e r i s t i c s  of most adapt ive  s i g n i f i c a n c e  
and of most i n t e r e s t  t o  e c o l o g i s t s  a r e  t h e  most d i f f i c u l t  ones i n  
which t o  measure gene t i c  v a r i a b i l i t y .  
Furthermore, theory p r e d i c t s  (Robertson, 1955, 1968; S a l t h e ,  
1975 ) and the experience of animal breeders  i n d i c a t e s  ( ~ o b e r t s o n ,  
1 9 5 5 ;  Falconer ,  1 9 6 0 )  t h a t  much more of t h e  g e n e t i c  v a r i a b i l i t y  i s  
a d d i t i v e  i n  c h a r a c t e r i s t i c s  having l i t t l e  r e l a t i o n  t o  f i t n e s s  than 
i n  c h a r a c t e r i s t i c s  c o n t r i b u t i n g  much t o  f i t n e s s .  S e l e c t i o n  always 
tends t o  reduce a d d i t i v e  g e n e t i c  v a r i a b i l i t y  ( ~ w e n s ,  1 9 7 6 ) .  
Therefore ,  t h e  measurement of the  amount of g e n e t i c  v a r i a b i l i t y  i n  a 
c h a r a c t e r i s t i c  wi th  l i t t l e  d i r e c t  r e l a t i o n s h i p  t o  Ei tness  may not  be 
a  very good i n d i c a t o r  of the a m ~ u n t  of a d d i t i v e  g e n e t i c  v a r i a b i l i t y  
i n  important components of f i t n e s s .  Also, un less  i t  i s  known 
whether normalizing o r  d i v e r s i f y i n g  s e l e c t i o n  i s  the primary f o r c e  
on a c h a r a c t e r ,  one does not known whether the  e x i s t e n c e  of gene t i c  
v a r i a b i l i t y  i n  t he  c h a r a c t e r i s t i c  i s  evidence f o r  o r  a g a i n s t  i t s  
re levance  t o  f i t n e s s .  
There a r e  two ways t o  measure g e n e t i c  v a r i a b i l i t y  i n  
e c o l o g i c a l l y  r e l e v a n t  c h a r a c t e r i s t i c s .  The f i r s t  i s  t o  observe t h e  
response t o  s e l e c t i o n  of a  c h a r a c t e r i s t i c .  I n  f a c t ,  the  d a t a  on 
response t o  s e l e c t i o n  i s  the  b e s t  evidence a t  t h e  p re sen t  t ime f o r  
t h e  hypothes is  of l a r g e  amounts of gene t i c  v a r i a b L l i t y  i n  n a t u r a l  
populat ions ( ~ o b e r t s o n ,  1 9 5 3 ;  Lewontin, 1 9 7 4 a ) .  It i s  an i n d i r e c t  
measure,  i n  t h a t  g e n e t i c  v a r i a b i l i t y  i s  es t imated from the s e l e c t i o n  
response by us ing  F i s h e r ' s  Fundamental Theorein of Na tu ra l  
S e l e c t i o n .  While i t  e s t ima te s  only thc  a d d i t i v e  component of 
gene t i c  v a r i a b i l i t y ,  it does e s t ima te  t he  p o t e n t i a l  f o r  g e n e t i c  
change i n  a population--of g rea t  i n t e r e s t  t o  popula t ion  g e n e t i c i s t s  
and evolu t ionary  b i o l o g i s t s .  Unfor tuna te ly ,  most response  t o  
s e l e c t i o n  experiments have been on morphological c l ~ a r a c t e r i s t i c s  of 
obscure adapt ive  s i g n i f i c a n c e  o r  on domesticated popu la t ions ,  which 
a r e  perhaps more v a r i a b l e  than n a t u r a l  popula t ions  ( ~ c h w a a i t z ,  1959; 
Wright,  1978). 
- The second method i s  t o  at tempt  t o  s epa ra t e  d i r e c t l y  t h e  gene t i c  
and environmental i n f luences  on phenotypic v a r i a b i l i t y  i n  adapt ive  
c h a r a c t e r i s t i c s .  This  i s  t he  approach taken i n  t h i s  t h e s i s .  The 
problem of s epa ra t ing  environmental and genet ic  i n f l u e n c e s  upon 
phenotypic v a r i a b i l i t y  i s  avoided by measuring components of f i t n e s s  
oE a l l  the  d i f f e r e n t  i n d i v i d u a l s  i n  exac t ly  t h e  same environment. A 
number of clther requirements must a l s o  be met, however, t o  confirm 
t h a t  the d i f f e r e n c e s  i n  f i t n e s s  t h a t  a r e  observed i n  t h e  same 
environment a r e  indeed g e n e t i c  i n  o r i g i n .  
The f i r s t  r equ i r eaen t  i s  t h a t  t h e  organisms must be f u l l y  
accl imated t o  the e q e r i m e n t a l  environment t o  a s s u r e  t h a t  any 
d i f f e r e n c e s  observed a r e  not  simply the  r e s u l t  of t h e  organisms 
being i n  d i f f e r e n t  s t ages  of acc l imat ion .  It was found i n  t h i s  
t h e s i s  t h a t  p h y t o p l a ~ k t o n  take  approximately f i v e  t o  twenty asexual  
genera t ions  t o  acc l imate  ( s ee  Methods s e c t i o n ) .  Thus, on ly  
organisms capa3le of asexual  reproduct ion  can be analyzed by t h i s  
method f o r  gene t i c  v a r i a b i l i t y ,  s i n c e  the  same genotype must be 
maintained f o r  a nunber of genera t ions  t o  achieve complete 
acc l imat ion .  The same genotype must be maintained and i t s  f i t n e s s  
measured f o r  a number of genera t ions  t o  confirm t h a t ,  i n  a d d i t i o n ,  
t h e  genotype reproduces a t  a  cons tan t  raCe i n  a cons t an t  environment 
once acc l imat ion  has been achieved. This  i s  important  because not  
a l l  organisms do so. It has been found t h a t  diatoms do not  
rzproduce a t  cons tan t  r a t e s  over t ime ( see  Methods s e c t i o n ) .  
Complete acc l imat ion  and cons tan t  reproduct ion r a t e s  were achieved 
wi th  the  coccol i thophores  and d i n o f l a g e l l a t e s  examined i n  t h i s  
t h e s i s .  
A second r e q u i r e n e ~ l t  i s  the  obvious n e c e s s i t y  of r e p l i c a t e  
measurements t o  a s su re  t h a t  t he  observed d i f f e r e n c e s  between 
genotypes i n  Ei tness  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  Again, t h i s  
r e q u i r e s  t h a t  one be a b l e  t o  r e p l i c a t e  t he  genotype. This  has  been 
a  major problem i n  Drosophila s t u d i e s  (Lewontin, 1974a).  Sequent ia l  
r e p l i c a t e s  were obtairled on a l l  reproduct ion  measurements r epo r t ed  
i n  t h i s  t h e s i s ,  so  the e r r o r s  involved i n  the  measurements a r e  known. 
Th i rd ,  s t o c 5 a s t i c  processes  a t  t h e  ind iv idua l  l e v e l  must be 
d e a l t  wi th .  It has been demonstrated i n  b a c t e r i a  (Kelly and Rahn, 
f 
1932),  ma~mal i an  c e l l  c u l t u r e s   inor or and Smith, 1974),  Euglena 5 i 
&is (Cook and Cook, 19521, Tetrahymena g e l e i i  ( ~ r e s c o t t ,  19.591, 
-- 
and d i a t o n s  (S. Chisholm, personal  c o m u n i c a t i o n )  t h a t  t h e  daughter 
c e l l s  r e s u l t i n g  from a m i t o t i c  d i v i s i o n  xhicli a r e  presumably 
g e n e t i c a l l y  i d e n t i c a l  and i n  b a s i c a l l y  t h e  same environment do no t  
reproduce a t  the  same r a t e .  The cause 01 t h i s  i s  d i f f i c u l t ,  perhaps 
imposs ib le ,  t o  determine because proper r e p l i c a t e s  cannot be s e t  
up. P o s s i b l e  explanat ions f o r  g e n e t i c a l l y  i d e n t i c a l  daughter  c e l l s  
\ 
h a v i n g  d i f f e r e n t  r e p r o d u c t i o n  r a t e s  i n c l u d e  mic roenv i ronmenta l  
d i f f e r e n c e s ,  an unequal  d i v i s i o n  of cytoplasm,  o r g a n e l l e s ,  o r  o t h e r  
somat ic  m a t e r i a l s ,  somat ic  m u t a t i o n s ,  o r  s t o c h a s t i c  developmental  
p r o c e s s e s  ( s e e  d i s c u s s i o n  by Spudich and Kochland,  1976).  Whatever 
t h e  c a u s e ,  i t  i s  c l e a r  t h a t  a  genotype does  n o t  h a v e  a  s i n g l e  
f i t n e s s  v a l u e  i n  any g iven  environment.  I n s t e a d ,  t h e  f i t n e s s  of a 
genotype shou ld  be c o n s i d e r e d  t o  have a  p r o b a b i l i t y  d i s t r i b u t i o n .  
T h i s  means t h a t  t h e  average  f i t n e s s  of many i d e n t i c a l  genotypes  must 
be  measured LO d e t e r m i n e  i f  t h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  
f i t n e s s  among geno types .  F o r t u n a t e l y ,  t h i s  i s  e a s i l y  done w i t h  
phytoplankton.  The average  r e p r o d u c t i o n  r a t e s  o f  c l o n a l  c u l t u r e s  
c o n t a i n i n g  m i l l i o n s  cE i n d i v i d u a l s  a r e  measured in t h i s  t h e s i s .  
Although n o t  a r e q u i r e m e n t ,  i t  i s  d e s i r a b l e  t o  measure t h e  
f i t n e s s  of a genotype i n  more than  one environment .  The magnitude 
of g e n e t i c  d i f f e r e n c e s  i n  f i t n e s s  could  e a s i l y  be d i f f e r e n t  i n  
d i f f e r e n t  e n v i r o n n e n t s .  The e x t e n t  t o  which t h e  r e l a t i v e  f i t n e s s e s  
of d i f f e r e n t  genotypes  a r e  d i f f e r e n t  i n  d i f f e r e n t  envi-ronments ( t h e  
genotype-environinent i n t e r a c t i o n  component of t h e  a d d i t i v e  
b i o m e t r i c a l  model as d e s c r i b e d  by F a l c o n e r ,  1960 and Mather and 
J i n k s ,  19?1)  may i n d i c a t e  t h e  a d a p t i v e  s i g n i f i c a n c e  of t h e  g e n e t i c  
v a r i a b i l i t y  and how it i s  main ta ined .  Haldane (19461,  Lewontin 
(1974b) ,  and G r e g o r i u s  (1977) have d i s c u s s e d  t h e  i m p o r t a n t  
i m p l i c a t i o n s  of t h i s  I n  g e n e t i c  a n a l y s i s .  I n  t h i s  t h e s i s ,  t h e  
reprod l .~c t ion  r a t e s  of c l o n e s  a t  two d i f f e r e n t  t e m p e r a t u r e s  a r e  
\ 
reported. U n f o r t u n a t e l y ,  t i m e  l i m i t a t i o n s  have n o t  al lowed a 
g r e a t e r  range o f  env i ronmenta l  condi t i -ons  t o  be used .  
For  t h e  r e a s o n s  p r e s e n t e d  above,  i t  i s  obvious1.y n e c e s s a r y  t o  
r e p l i c a t e  t h e  .genotype i n  o r d e r  t o  measure t h e  amount of g e n e t i c  
v a r i a b i l i t y  p r e s e n t  i n  n a t u r a l  populations i n  e c o l o g i c a l l y  r e l e v a n t  
a d h p t i v e  c h a r a c t e r i s t i c s .  It i s  i m p o s s i b l e  t o  measure t h i s  i n  
s p e c i e s  which reproduce  o n l y  s e x u a l l y  because  t h e  genotype cannot  b e  
r e p l i c a t e d .  T h e r e f o r e ,  phytoplanktorl  t h a t  have t h e  c a p a b i l i t y  o f  
a s e x u a l  r e p r o d u c t i o n  o f f e r  an  advan tage  i n  t h e  s t u d y  of g e n e t i c  
v a r i a b i l i t y  t h a t  s p e c i e s ,  such a s  - D r o s o p h i l a ,  - comn~only s t u d i e d  by 
p o p u l a t i o n  g e n e t i c i s t s ,  do n o t  have .  
Up t o  t h e  p r e s e n t  t i m e ,  t h e r e  have been o n l y  two s t u d i e s  
( ~ a l l a g h e r ,  1978; Milrphy, unpubl ished)  on e l e c t r o p h o r e t i c  
v a r i a b i l i t  j~ wF ~hLn  n a t u r a l  p o p u l a t i o n s  of p l ly toplankton.  
G a l l a g h e r ' s  s t u d y  on Skeletonema c o s t a t u m  r e v e a l s  e l e c t r o p h o r e t i c  
v a r i a b i l i t y  comparable t o  t h a t  founc! i n  nos t o t h e r  organisms 
( ~ e w o n t i n ,  1974a and Selazlder,  1976).  The d a t a  o f  G a l l a g h e r  and 
Murphy c l e a r l y  demons t ra te  t h a t  a t  l e a s t  some d ia tom s p e c i e s  do n o t  
e x i s t  a s  s i n g l e  c l o n e s  i n  n a t u r e .  There  have been no s t u d i e s  on t h e  
amount of g e n e t i c  v a r i a b i l i t y  w i t h i n  a s i n g l e  p a p u l a t i o n  i n  
r e p r o d u c t i o n  r a t e s  o r  o t h e r  components of f i t n e s s  i n  phy top lank ton .  
I n  t h i s  t h e s i s ,  t h e  magnitude of g e n e t i c  d i f f e r e n c e s  i n  
r e p r o d u c t i o n  r a t e s  among many c l o n e s  of a  s p e c i e s  i s o l a t e d  from one  
w a t e r  b o t t l e  was measured i n  a  number of s p e c i e s  t o  de te rmine  t h e  
\ 
mount  of gene t i c  v a r i a b i l i t y  present  i n  n a t u r a l  popula t ions  of 
phytoplankton. 
Rates  of ~ e n e t i c  change 
--- -- 
The f o s s i l  record i s  the primary evidence we have t h a t  evolu t ion  
occurs .  It r e v e a l s  changes, however, only i n  t h e  morphology of hard 
p a r t s  t h a t  can be f o s s i l i z e d .  There need not  be any congruence 
between the  evo lu t iona ry  r a t e s  of e x t e r n a l  morphology and 
e~ iv i ronmen ta l l  jr r e l evan t  adapta t ions  such a s  components of the niche 
hyperspace ( ~ o k a l ,  1974; S a l t h e ,  1975). It i s  no t  known on what 
t ime s c a l e s  populat ions a r e  a b l e  t o  t r a c k  t h e i r  v a r i a b l e  environment 
g e n e t i c a l l y .  The b e s t  docusented cases  of r ap id  g e n e t i c  changes i n  
popula t ions  are those  assoc ia ted  wi th  human a c t i v i t i e s - - i n d u s t r i a l  
melanism ( ~ e t t l e w e l l ,  19581, r e s i s t e n c e  t o  p e s t i c i d e s  i n  i n s e c t s  
(Georghiou, 1372) and the domest icat ion of u s e f u l  p l a n t s  and 
animals.  I n  most cases :  t hese  rap id  gene t i c  changes a r e  t h e  r e s u l t  
i 
of novel s e l e c t i v e  fo rces .  One might expect h ighe r  amounts of I 
a d d i t i v e  gene t i c  v a r i a b i l L t y  i n  c h a r a c t e r i s t i c s  t h a t  have not  been 
under s t r o c g  s e l e c t i o n  i n  the pas t  (analogous t o  t h e  s i t u a t i o n  Eor 
c h a r a c t e r i s t i c s  no t  c l o s e l y  l inked t o  components of f i t n e s s ) .  The 
asexual  reproduct ion  r a t e s  of phytoplankton w i t h i n  a c e r t a i n  range 
of environmental cond i t i ons ,  however, have probably always been 
un?cr s t r o n g  s e l e c t i o n .  Therefore,  one might expec t  t o  f i n d  much 
l e s s  a d d i t i v e  gene t i c  v a r i a b i l i t y  and e v o l u t i o n a r y -p o t e n t i a l  i n  
\ 
envirorlmental f i t n e s s  curves  than i n  the c h a r a c t e r i s t i c s  which have 
u s u a l l y  been observed t o  evolve on s h o r t  time s c a l e s .  
I n  summary, i t  i s  no t  known and i t  i s  d i f f i c u l t  t o  p r e d i c t  how 
r a p i d l y  important components of t h e  n iche  hyperspace of 
phytoplankton popula t ions  might evol:;?, given t h e  a p p r o p r i a t e  
s e l e c t i v e  pressures .  F i s h e r ' s  Fundamental Theorea of  Na tu ra l  
S e l e c t i o n  i s  not  u s e f u l  i n  p r e d i c t i n g  evo lu t iona ry  change from 
g e n e t i c  v a r i a b i l i t y  i f  t h e  v a r i a b i l i t y  i s  l a r g e l y  non- addi t ive.  I t  
i s  a l s o  incapable  of p r e d i c t i n g  how f a r  g e n e t i c  changes can 
proceed. The s tudy  of evo lu t iona ry  r a t e s  i n  phytoplankton o f f e r s  
advantages not a v a i l a b l e  wi th  most organisms. F i r s t ,  a s  d i scussed  
e a r l i e r ,  many eampcnents of t h e  n iche  of a s i n g l e  genotype can be 
measured i n  $>-toplankton r a t h e r  e a s i l y .  Second, t h e  gene ra t i on  
time of phyLoplanlcton i s  on t h e  order  of a day. T h i s  a l lows many 
gene ra t i cns  t o  be observed w i t h i n  reasonable  r e s e a r c h  time and makes 
s ea sona l  gene t i c  changes more l i k e l y .  Because genotypes of ; 
t 
phytoplanbtcn can be maintained c l o n a l l y  through t i m e ,  i n d i v i d u a l s  
from d i f f e r e n t  seasons cac be maintained and ana lyzed  s imul taneous ly .  
Summary 
A t  t he  p re sen t  t ime ,  no d a t a  e x i s t  t h a t  a l low u s  t o  p r e d i c t  how 
much g e n e t i c  v a r i a b i l i t y  i n  n iche  components e x i s t s  i n  phytoplankton 
popu la t i ons ,  how much g e n e t i c  d i E f e r e n t i a t i o n  has  developed on 
va r ious  s p a t i a l  s c a l e s ,  o r  how f a s t  phytoplankton popu la t i ons  can 
evolve d i f f e r e n t  niche hyperspaces i n  response t o  environmental 
changes. This t h e s i s  i s  an at tempt  t o  address  t h e s e  ques t ions  
d i r e c t l y  i n  pl~ytoplankton and t o  consider  t h e i r  eco log ica l  and 




Clone i s o l a t i o n  and c u l t u r e  c o l l e c t i o n  
-- - - ---
Seawater fro111 which phytoplankton c e l l s  were i s o l a t e d  was 
obta ined  e i t h e r  Exom Niskin b o t t l e s  on s tandard hydrocas ts  or  from 
PVC c o l l e c t i o n  tubes tossed from the s h i p  whi le  underwsy. The 
phytoplankton c e l l s  i n  t h i s  seawater were then concentrated by 
g e n t l e  f i l t r a t i o n  ( a  vacuum of 5 p s i .  or  l e s s )  wi th  a  8 micron 
membrane f i l t e r .  Large phytoplankton c e l l s  were c o l l e c t e d  with 32 
o r  64 micron mesh planlcton n e t s  towed a t  approximately one knot 
( s h i p  drif:)  . 
Within s e v e r a l  hours of c o l l e c t i n g  the  water ( o r  occas iona l ly  
overnight), s i n g l e  c e i l s  were i s o l a t e d  by mic rop ipe t t e  under a  
compound n icroscope  f roa  the concenrrated plankton samples i n t o  
i n d i v i d u a l  t e s t  tubes ( 1 6 m  x lOOmm b o r o s i l i c a t e  t u b e s ) ,  each 
con ta in ing  approximately 5 m l  of f /20-Si  medium ( t h e  p repa ra t ion  o f  
t h i s  mediun w i l l  be descr ibed l a t e r ) .  Because only 10 t o  50% of t h e  
i s o l a t i o n s  were successEu1 and i t  i s  no t  known i f  p a r t  of the 
d i f f e r e n t i a l  s u r v i v a l  of t he  i s o l a t e s  has  a  gene t i c  b a s i s ,  i t  i s  
p o s s i b l e  t h a t  the measurements of g e n e t i c  v a r i a b i l i t y  i n  natural .  
popu la t ions  of phytoplankton a r e  underes t imates .  Because l a c k  of 
s u c c e s s f u l  i so la t i .ons  was due p r imar i ly  t o  contaminat ing spec i e s  
dominating the  c u l t u r e s  and only  occas iona l ly  due t o  noth ing  a t  a l l  
growing i n  i s o l a t i o n  tubes ,  i t  seems u n l i k e l y  t h a t  the  d i f f e r e n t i a l  
s u r v i v a l  has  a  gene t ic  bas i s .  
Tbe c lona l  c u l t u r e s  which developed from these  s i n g l e  c e l l  
0 i so l a t i -ons  were maintained i n  cons tan t  environment rooms a t  20 C ,  
wi th  a  14:lO h r  l igh t- dark  cyc le  and a l i-ght i n t e n s i t y  of 
approxina te ly  0.02 - ly/min provided by cool-white f l u o r e s c e n t  
l i g h t s .  
I n  except ion t o  t hese  genera l  procedures ,  m o s t  of the  c lones  of 
Gonyaulax tamarensis  were e s t a b l i s h e d  from c e l l s  which had 
-. .-- 
germinated from c y s t s  maintained by D r .  Donald Anderson o r  D r .  David 
I 
Wall. These c lona l  c u l t u r e s  were then  maintained i n  a  c u l t u r e  room 
0 
a t  16 C ( a l l  o the r  environmental condi t ions  the same as  f o r  t he  
r e s t  of t he .  c u l t u r e  c o l l e c t i o n ) .  
The c u l t u r e  c o l l e c t i o n  was maintained by t r a n s £  e r r i n g  an 
inoculum of each c lone  t o  f r e s h  f/20-Si-medium approximately once 
every two weeks. These c u l t u r e s  were c l o n a l  but  no t  axenic .  
Although b a c t e r i a  were never abundant enough t o  be observable  under : 
i 
a l i g h t  n ic roscope ,  enrichment of thc c u l t u r e s  wi th  0.1% I 
Bacto-peptone usua l ly  y ie lded  v i s i b l e  b a c t e r i a l  growth. The c l o n a l  
. c u l t u r e s  used. i n  t h i s  s tudy and pert in .ent  d a t a  w i t h  r e s p e c t  t o  t h e  
time and p lace  of t h e i r  i s o l a t i o n  are presented i n  t a b l e s  i n  t he  
Resu l t s  s e c t i o n .  A l l  t he  c lones  from one water  sample a r e  r e f e r r e d  
t o  as  a  popula t ion  i n  t h i s  t h e s i s ,  even i f  the  popula t ion  c o n s i s t s  
of only onc .clone. 
Taxonomy 
-- 
Scanning e l e c t r o n  m i c r o g r a p i ~ s  were t aken  of e a c h  c lone  of 
E m i l i a n i a  h u x l e y i ,  Gephyrocapsa o c e a n i c a ,  ~ c l o c o c c o l i t h i n a  
-& -- 
l e p t o p o r a ,  Prorocentrum micans and Thoracosphaera  he imi .  L i g h t  
-. -
microscope photographs -were t a k e n  o f  each c l o n e  o f  Dissodinium 
l u n u l a  and Gonyaulax t a m a r e n s i s .  R e p r e s e n t a t i v e  photographs  of each 
--
of  t h e s e  s p e c i e s  a r e  shoim i n  F i g u r e s  1 through 7. 
The c o r r e c t  i d e n t i f i c a t i o n  o f  t h e  s p e c i e s  was c o n f i m e d  by 
comparing my scann ing  e l e c t r o n  micrographs  w i t h  t h o s e  i n  t h e  
f o l l o w i n g  publications: -- E m i l i a n i a  h u x l e y i -  Hay, e t  a l .  (1967) ,  
--
McIntyre  and Be (19571, Okada and McIntyre  (1977);  Cephyrocapsa 
ocean ica-  - McIntyre  e t  a l .  (19651, McIn tyre  and Be (19671, Okada and 
--
McIntyre  (1977); C y c l o c o c c o l i t h i n a  l ep topora-  McIn tyre  and Be 
- 
(1967) ;  ---- P r c r o c e ~ t r ~ ~  micens- Dodge (1975) ;  Thoracosphaera  heimi-  
-  
F u t t e r e r  (19761, Ja fa r  ( 1 9 8 0 ) .  My l i g h t  m i c r o s c o p i c  o b s e r v a t i o n s  o f  
Dissodinium l u n u l a  were conpared w i t h  t h o s e  of S w i f t  and Durbin  
-
(1971) .  The i d e n t i f i c t i o n  of Gonyaulax t a m a r e n s i s  was made by 
- - 
comparison w i t h  t h e  photographs  of T u r p i n  e t  a l .  (1978) and D. 
--
Anderson ( :mpubl ished)  . The systemat i .cs  proposed f o r  5. Janlarensis  
by Schmidt and Loeb l ich  (1979) i s  adopted i n  t h i s  ~11esi.s. 
C u l t u r e  media 
- -- 
The c u l t u r e  media were p repared  by f i l t e r i n g  33 ppt .  s a l i n i t y  
seawate r  from Vineyard Sound through a g l a s s  f i b e r  f i l t e r  and t h e n  
\ 
Figure 1. 
Scanning electron micrograph of --- Emiliania huxleyi .  Scale = 1 micron. 

Figure 2. 
Scanning e l e c t r o n  micrograpl~ of Gephyrocapsa oceanicn. Sca le  = 1 
micron. 

Figure  3 .  
: Scanning e lec t ron 'micrograph  of Cyclococcol i thina lep topora .  Sca l e  
= 5 microns. 
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Scanning e l e c t r o n  micrograph of Tho.racosphaera h e i m i .  Sca le  = 5 

Figure 7. 




autoc lav ing  i n  one l i t e r  t e f l o n  b o t t l e s  ( ~ a l g e  Co.) f o r  f i f t e e n  
minutes a t  1 2 1 ' ~  and 15 p s i .  Af te r  being cooled fo r  a t  l e a s t  24 
hours ,  t h e  seawater was enriched with n u t r i e n t s  t o  provide f /2 ,  
n u t r i e n t  concent ra t ions  ( ~ u i l l a r d ,  1975),  wi th  t h e  except ion c h a t  
s i l i c i c  ac id  was added only f o r  t h e  c u l t u r e  of diatoms. £12 medi t~~n 
wi thout  s i l i c i c  ac id  i s  denoted a s  f /2-Si .  A l l  experiments 
descr ibed  i n  t h i s  t h e s i s  were conducted i n  £/2-Si medium. Med-ium 
w i t h  n i ~ t r i e n t  concei;trations only one- tenth t h a t  of £12 i s  denoted 
a s  £120. Each n u t r i e n t  s tock  was autoclaved i n  a  s epa ra t e  t e f l o n  
b o t t l e  e scep t  t h a t  i r o n  and EDTA were i n  one s tock  s o l u t i o n  as 
F e r r i c  Sequestrezz (L;elgy Chemical Corp.),  a l l  t h e  o the r  t r a c e  
meta ls  ( ~ 1 1 ,  Zn, Co, Xn,  Mo) were toge the r  i n  another  s tock  s o l u t i o n ,  
and t h e  v i tamins  iJere autoclaved toge the r  i n  b o r o s i l i c a t e  g l a s s  
t ubes .  Once made, t he  media were s to red  i n  s t e r i l e  two l i t e r  
polycarbonate  b o t t l a s  ( ~ a i ~ e  Co.). 
The c u l t u r e  media were made i n  t h i s  manner f o r  s eve ra l  r ea sons .  
F i r s t ,  t he  d i s s o l u t i o n  of l a r g e  amounts of s i l i c i c  ac id  from 
b o r o s i l i c a t e  v e s s e l s  and the  p r e c i p i t a t i o n  of va r ious  n u t r i e n t s  
du r ing  au toc lav ing  i s  e l imina ted .  Second, I have had much h i g h e r  
success  i n  i s o l a t i n g  s i n g l e  c e l l s  of c e r t a i n  spec i e s  i n t o  c l o n a l  
c u l t u r e  u s i n g  t h i s  t ype  of medium r a t h e r  than medium prepared u s i n g  
s tandard  procedures.  Thi rd ,  t he  i n i t i a l  l a g s  u s u a l l y  seen i n  ba t ch  
c u l t u r e s  a t  low c e l l  d e n s i t i e s  a r e  reduced o r  e l imina ted .  Four th ,  
some spec i e s  reproduce a t  s l i g h t l y  h ighe r  r a t e s  when grown i n  medium 
, 
prepared t h i s  way. 
A11 c u l t u r e  tubes were cleaned wi th  d e t e r g e n t ,  then 3 N  H C P ,  then 
wi th  s e v e r a l  r i n s e s  of d i s t i l l e d  water .  They were then cappzd with 
polypropylene caps and autoclaved wi th  d i s t i l l e d  water  i n  thew. The 
- 
water  was then  poured out  and the  medium was dispensed with an 
autoc1aved.dispenser  ( ~ r i n l m a n n  Di spense t t e )  i n t o  the  tubes u s i n g  
s t e r i l e  techniques.  The c u l t u r e  tubes used i n  experiments were 
allowed t o  e q u i l i b r a t e  thermally i n  the  cons tan t  environment devices  
beEore inocu la t ion .  
Constant e n v i r o n m e s  devices  
--- 
I n  order  t o  measure  the  accl imated reproduct ion  r a t e s  of a l a rge  
number of p h y t o p l a ~ k t c n  clones i n  many d i f f e r e n t  s t eady  s t a r e  
environmen", s, s e v e r a l  constant  enviroriment devices  were 
cons t ruc t ed .  A diagram of one such device  i s  shown i n  F ig .  8. It 
c o n s i s t s  of a  p l e x i g l a s s  t r a y ,  t h r e e  f e e t  wide, four  f e e t  long ,  and 
four  inches  deep, which i s  i l l u n i n a t e d  from below by a t h r e e  by four  
foot  l i g h t  'sank hold ing  e ighteen  40FJ Sylvania  cool-white f l u o r e s c e n t  
l i g h t s  which provide a  l i g h t  i n t e n s i t y  oE approximately 0.23 ly/min 
a s  measured by a  c a l i b r a t e d  Eppley b lack  and whi te  pyranometer. The 
b a l l a s t s  f o r  t h e  f luo rescen t  l i g h t s  a r e  on long cords so  t h a t  t h e y  
may be placed away from the water b a t h ,  reducing  h e a t  t r a n s f e r  t o  
t he  p l e x i g l a s s  water  t r a y .  Aluminum sc reen ing  i s  placed between t h e  
l i g h t  bank and p l e x i g l a s s  t r a y  t o  reduce the  l i g h t  i n t e n s i t y  to the  
\ 
Figure 8. 
Schematic diagram of a cons tan t  environment device .  

d e s i r e d  l e v e l  f o r  each experiment .  Fans blow a c r o s s  t he  a i r  space  
between the  l i g h t  bank and p l e x i g l a s s  t r a y  t o  l e s s e n  h e a t  t r a n s £  er 
t o  t he  p l e x i g l a s s  water  t r a y .  A t i m e r  i s  included i n  t h e  l i g h t  bank 
c i r c u i t  s o  t h a t  1 igh t :dark  cyc l e s  can be provided. A 
hea t ing- cool ing  water ba th  i s  used t o  provide a  r e s e r v o i r  of 
cons t an t  temperature  water  which i s  c o n t i n u a l l y  c i r c u l a t e d  through 
t h e  p l e x i g l a s s  t r a y  i n  a l a y e r  approximately one and one-half inches  
. . 
deep. The water i s  punped by submersible  pumps from the  - ,  
hea t ing- cool ing  water  ba th  t o  t h e  p l e x i g l a s s  t r a y .  The water  then 
I 
d r a i n s  back t o  t he  hea t ing- cool ing  water bath through p o r t s  i n  t he  
p l -ex ig lass  t r a y .  A ~ p r o x i n a t e l y  10 ga l lons  of water  per minute a r e  
pumped th roug l~  the  system. Thus t h e  average r e s idence  t i n e  of t he  
water  w i t h i n  the p l e x i g l a s s  t r a y  i s  l e s s  than a  minute .  This  
provides  a  very un i fo r~n  temperature  regime. The 25nm x 1 5 0 m  P y r e s  
c u l t u r e  tubes  w i t h  20 ml. of c u l t u r e  media and capped wi th  
polypropylene caps a r e  then placed wi th in  t h e s e  t r a y s  i n  coated w i r e  
0 
r a c k s  t h ~ t  hold them a t  a  45 angle .  About 300 c u l t u r e  tubes can 
be maintained i n  each device  a t  a  uniform temperature  and l i g h t  
i n t e n s i t y .  While t h e  hea t ing- cool ing  water ba th  may f l u c t u a t e  
0 
approximately 0.2 C over t h e  course  of s e v e r a l  months, t h e  
tempera ture  w i t h i n  t h e  c u l t u r e  tubes  d i f f e r s  among tubes  a t  any one 
t ime by l e s s  than 0 . 0 5 ~ ~ .  The p o s i t i o n s  of t he  c u l t u r e  tubes  i n  
t h e  cons t an t  environment appa ra tu s  a r e  changed each day. 
Measurement of reproduct ion  r a t e s  
-  .----- - -  - -- --
A method was. needed t h a t  was s u f r ' i c i e n t l y  r a p i d  t o  al low the  
reproduct ion  r a t e s  of hundreds of c l o n a l  c u l t u r e s  t o  be measured i n  
a  s i n g l e  experiment,  y e t  a l s o  accu ra t e  and p r e c i s e  enough t o  allow 
- f o r  the  d e t e c t i o n  of small  gene t i c  d i f f e r e n c e s  between c lones  from 
the  same populatiori .  
The widely used batch c u l t u r e  technique was considered 
inadequate  f o r  such a  s tudy because i t  does not  provide s u f f i c i e n t  
acc l imat ion  time. D i f f e r e n t  s t ages  of acc l imat ion  could be 
i n t e r p r e t e d  erroneously as  c l o n a l  d i f f e r e n c e s  which, of course ,  
would not be t r u l y  g e n e t i c  i n  o r i g i n .  Continuous c u l t u r e s  or 
chemostats are inadequate  f o r  such a  study because they al low one to  
measure only the  n u t r i t i o n a l  environment produced by a  c u l t u r e  wi th  
a given repro6uct ion  r a t e  and not  t h e  reproduct ion  r a t e  r e s u l t i n g  
from a p a r t i c u l a r  enviroi~t-r~ent; g e n e t i c  d i f f e r e n c e s  can only be 
confim.ed i f  d i f f e r e n t  c lones  a r e  compared i n  i d e n t i c a l  
envi ronnents .  Turb idos t a t s  a r e  capable of doing t h i s  but  a r e  
d i f f i c u l t  and expensive t o  s e t  up and one obvious ly  could no t  s e t  u p  
enough t u r s i d o s t a t s  t o  analyze hundreds of c lones  a t  a t ime. 
Therefore ,  continuous batch c u l t u r e  was chosen a s  t h e  b e s t  method 
f o r  d e t e c t i n g  g e n e t i c  d i f f e r e n c e s  i n  reproduct ion  r a t e s  between 
c lones  of phytoplankton. This  method i s  b a s i c a l l y  t h e  same as  t he  
semi-continuous c u l t u r e  method used by Paasche (1975).  The 
essent i -a1  f e a t u r e  of t he  continuous batch c u l t u r e  method i s  t h e  
t r a n s f e r  of an -inoculum from one batch c u l t u r e  t o  a new batch 
c u l t u r e  wel l  before  t he  c u l t u r e  populat ion d e p l e t e s  t he  n u t r i e n t s  i n  
t h e  medium. Transfers  a r e  u s u a l l y  made when a c u l t u r e  approaches 
approximately one- tenth the  d e n s i t y  a t  which n u t r i e n t  l i m i t a t i o n  
begins .  The only non-steady s t a t e  f a c t o r s  i n  t h i s  type of c u l t u r e  
regime a r e  c e l l  d e n s i t y ,  exc re t ed  me tabo l i t e s  and poss ib ly  l i g h t  
i n t e n s i t y  (depending upon the d e n s i t y  one allows t h e  c u l t u r e s  t o  
a t t a i n ) .  By analyzing s t a t i s t i c a l l y  t he  reproduct ion  r s t e s  of t h e  
s e q u e n t i a l  c u l t u r e s ,  i t  i s  p o s s i b l e  t o  determine whether or  no t  
t h e s e  f a c t o r s  cause non-steady s t a t e  reproduct ion r a t e s  w i th in  a 
given range of c e l l  d e n s i t i e s .  I found these  f a c t o r s  not t o  be 
important  over a reasonably wide range of c e l l  d e n s i t i e s .  
The continuous batch c u l t u r e  technique r e q u i r e s  t h a t  some 
measure of c e l l  abundance be measured o f t en  ( u s u a l l y  once a day)  f o r  
the  c a l c u l a t i o n  of expocent ia l  reproduct ion  r a t e s .  A r a p i d  and 
p r e c i s e  method of e s t ima t ing  c e l l  abundance was necessary  i n  o rde r  
t o  monitor hundreds of c u l t u r e s  i n  simultaneous experiments.  The 
use  of counting chambers under a microscope i s  d e f i n i t e l y  t oo  slow 
and imprecise  (and t ed ious ) .  The use of a p a r t i c l e  counter  i s  
f e a s i b l e  on ly  f o r  those phytoplankton spec i e s  w i th in  a c e r t a i n  s i z e  
range t h a t  do not  form cha ins ,  have long appendages, o r  produce 
p a r t i c l e s  such as t he  empty thecae  of d i n o f l a g e l l a t e s  o r  t h e  empty 
ca l ca reous  spheres  of Thoracosphaera. I found t h e  bes t  method t o  be 
- ---- 
t he  measurement of i n  v ivo  f luorescence .  I n  v ivo  f luo rescence  has  
--- --- 
been suc. ,cessEully used i n  t h e  p a s t  t o  moni to r  t h e  growth o f  
phytoplankton c u l t u r e s  by Hannan and P a t o u i l l e t  (19721, Thomas, et 
al .  (19741, Tunz i ,  e t  a l .  (1974) ,  and Paasche (1977) .  An a d d i t i o n a l  
- --
advantage of t h i s  method i s  t h a t  subsampling i s  n o t  r e q u i r e d  i f  
c u l t u r e  t u b e s  t h a t  f i t  d i r e c t l y  i n t o  a  f l u o r o m e t e r  a r e  used.  The 
f e a s i b i l i t y ,  p r e c i s i o n ,  and accuracy  of t h i s  method depend 
c r i t i c a l l y  upon t h e  s u c c e s s  of m a i n t a i n i n g  t h e  p l ~ y t o p l a n k t o n  i n  a 
p h y s i o l o g i c a l  s t e a d y  s t a t e ,  because  -- i n  v i v o  f l u o r e s c e n c e  per c e l l  
can vary  w i t h  env i ronmenta l  c o n d i t i o n s  ( ~ i e f e r ,  1973a,  1973b; L o f t u s  
and S e l i g e r ,  1975; S lovacek  and Hannan, 1977).  Thomas, -- e t  a l .  
(19741 found d i s c r e p a n c i e s  between r e p r o d u c t i o n  rates calculaEed 
from c e l l  c o u n t s  and chose  c a l c u l a t e d  from f l u o r e s c e n c e  r e a d i n g s  i n  
s h o r t  term b a t c h  c u l t u r e s .  T h i s  emphasizes the impor tance  of 
a c h i e v i n g  coniplete a c c l i n a t i o n  f o r  t h e  a c c u r a t e  measuremeilt of  
r e p r o d u c t i o n  r a t e s  u s i n g  -- i n  v i v o  f l u o r e s c e n c e .  C o n t r o l  exper iments ,  
i n  which c e l l  c o u n t s  were  compared w i t h  -- i n  v i v o  f l u o r e s c e n c e ,  
demonstra ted t h a t  t h e  method of con t inuous  b a t c h  c u l t u r e  p rov ides  a  
c o n s t a n t  e n v i r o ~ m e n t  i n  which t h e  e x p o n e n t i a l  i n c r e a s e  i n  i n  v i v o  
f l u o r e s c e n c e  a c c u r a t e l y  r e E l e c t s  the  e x p o n e n t i a l  i n c r e a s e  i n  c e l l  
numbers. No s i g n i f i c a n t  d i f f e r e n c e s  ( a t  t h e  95% c o n f i d e n c e  l e v e l )  
were found between r e p r o d u c t i o n  r a t e s  c a l c u l a t e d  f rom c e l l  coun ts  
and t h o s e  c a l c u l a t e d  from f l u o r e s c e n c e  measurements i n  f i v e  c u l t u r e s  
each o f  E m i l i a n i a  - h u x l e y i ,  Gephyrocapsa -- o c e a n i c a ,  - C y c l o c o c c o l i t h i n a  
l e p t o p o r a ,  and Prorocen t rum -- micans.  L i g h t : d a r k  c y c l e s  can be used 
", 
a s  long as  the i n  v ivo  f luorescence  measurements a r e  made a t  t he  
same time i n  each 1 ight :dark  c y c l e .  
Once a day, a t  the same t ime each day,  t he  c u l t u r e  tubes were 
taken out  of t he  cons tan t  environment device ,  d r i e d  with a paper 
towel ,  mixed on a vo r t exe r ,  and i n s e r t e d  d i r e c t l y  i n t o  a  Turner 
10-000R f luorometer  (Turner Designs,  Mountain View, Ca. 94043) 
adapted f o r  25m x 150mm cuve t t e s  and equipped wi th  an i n f r a r e d  
s e n s i t i v e  photomul t ip l ie r  f o r  t h e  measurement of i n  v ivo  ch lo rophy l l  
--- 
f l uo rescence .  The f i l t e r s  used were as  follows: 10-050 Corning 
c o l o r  s p e c i f i c a t i o n  5-60  f o r  e x c i t a t i o n ,  10-052 Corning co lor  
s p e c i f i c a t i o n  3-56 f o r  r e f e rence ,  and 10-051 Corning co lor  
s p e c i f i c a t i o n  2-64 f o r  en i s s ion .  Much time i s  saved by measuring 
the  i n  v ivo  f luorescence of the e n t i r e  c u l t u r e  r a t h e r  than 
--
subsampling. I t  takes only about 30 seconds t o  measure t h e  
f l u o r e s c e n c ~  cf eac? c u l t u r e .  Control  experiments have shown t h a t  
the  b r i e f  i n s e r t i o n  of the c u l t u r e  i n t o  t h e  f l u o r m e t e r  each day 
does not a f f e c t  i t s  reproduct ion r a t e .  When the  c u l t u r e s  were being 
grown i n  r e l a t i v e l y  b r i g h t  l i g h t  ( g r e a t e r  than 0.1 ly /min) ,  t h e  
tubes were h e l d  i n  d i m  l i g h t  (around 0.01 ly/min)  f o r  15 minutes 
be fo re  be ing  measured i n  t h e  f luo ro~ne te r .  Ph i s  a l lows  t h e  f a s t  
component of f luorescence change (Kie fe r ,  1973b, Lof tus  and S e l i g e r ,  
1975) t o  occu r ,  thus y i e l d i n g  a  f a i r l y  cons t an t  f luorescence  va lue .  
The t u b e s ,  wh i l e  outs ide  the cons t an t  environment device ,  were kept  
i n  a  t r a y  of app ropr i a t e  temperature water  t o  avoid temperature 
\ 
change. For most experiments ,  s equen t i a l  batch c u l t u r e s  were 
maintained f o r  one t o  t h r e e  months i n  order  t o  achieve  a  s t eady  
s t a t e  and accumulate enough r e p l i c a t e d  da t a .  
The f luorometer  was c a l i b r a t e d  by measuring t h e  f luorescence  of 
- a  sequence of two-fold d i l u t i o n s  of dense c u l t u r e s  down t o  a  c e l l  
d e n s i t y  t h a t  i s  f l u o r o m e t r i c a l l y  undetec tab le .  Log-log p l o t s  of 
f luorescence  vs .  c e l l  concent ra t ion  fo r  a l l  s p e c i e s  t e s t e d  t h i s  way 
have the  same s lope .  This  s lope ,  however, i s  s l i g h t l y  d i f f e r e n t  
from t h a t  expected of a two-fold d i l u t i o n  sequence. P a r t  of t h i s  i s  
probably due t o  s e l f- abso rp t ion .  Di f fe rences  between f luorometers  
i n d i c a t e  inaccurac ies  w i th in  the f luo~orne te r s  as  w e l l .  The r a t i o  of 
t h e  expected s lope  t o  measured s lope  was used a s  t h e  c a l i b r a t i o n  
f a c t o r  (my f l u o r o z e t e r s  have c a l i b r a t i o n  f a c t o r s  ranging  from 1.05 
t o  1 . 3 ) .  
S t a t i s t i c a l  a n a l y s i s  
Fluorescence vs. tiixe f o r  the  sequen t i a l  r e p l i c a t e s  was p lo t t ed  
on sen i - logar i thmic  paper. Acclimation was judged t o  be complete 
when the s lopes  of success ive  r e p l i c a t e s  were approximately the 
same. S t a t i s t i c a l  a n a l y s i s  was then performed on a l l  t h e s e  
acc l inn ted  r e p l i c a t e s .  F i r s t ,  t h e  exponent ia l  r ep roduc t ion  r a t e  of 
each sequen t i a l  r e p l i c a t e  was determined by t h e  l e a s t  squares  method 
of l i n c a r  r eg re s s ion   raper and Smith, 1966) .  The  reproduct ion  
r a t e s  of a l l  t he  acc l imated  sequen t i a l  r e p l i c a t e s  of a  s i n g l e  
\ 
clone-environment combination were then used t o  c a l c u l a t e  a mean 
reproduct ion  r a t e  and a var iance .  From these  s t a t i s t i c s ,  t h e  
c o e f f i c i e n t  oE v a r i a t i o n  and 95% confidence l i m i t s  were a l s o  
c a l c u l a t e d .  
P r e c i s i o n  of t h e  reproduct ion  r a t e  measurements 
-- -- -. .-- ---- 
In  order  t o  demonstrate t h e  p rec i s ion  of t h e  method, t h e  
between- sequential  r e p l i c a t e s  var iance  of each clone-environment 
combination was ca l cu la t ed  us ing  d a t a  from s e v e r a l  experiments.  The 
va r i ances  f o r  many c lones  of each spec ies  i n  one experimental  
envirorment were then averaged. From t h i s  mean v a r i a n c e ,  t h e  
c o e f f i c i e n t  oE v ~ r i a t l o n  v7as c a l c u l a t e d .  These mean c o e f f i c i e n t s  of 
v a r i a t i o n  f o r  each species- environment combination a r e  presented i n  
Table  1..  These c o e f f i c i e n t s  of v a r i a t i o n  r e p r e s e n t  the  sum of 
e r r o r s  ( i nc iud ing  measurement and experimental  e r r o r s )  in t roduced  
over the  course of a one t o  t h r e e  month experiment i n  measuring the  
i 
acc l imated  reproduct ion  r a t e s  of i nd iv idua l  c lones .  Thus, t h e  
method al-lows one t o  d e t e c t  r a t h e r  small  g e n e t i c  d i f f e r e n c e s  i n  the 
asexual  reproduct ion  r a t e s  of d i f f e r e n t  c lones .  
Constancy of phytoplankton reproduct ion  r a t e s  
- -- - --A
When a c u l t u r e  l i n e  i s  taken from the  c u l t r ~ r e  c o l l e c t i o n  and 
begun i n  the cons tan t  environment device ,  i t  u s u a l l y  takes  from f i v e  
t o  twenty genera t ions  (about one t o  t h r e e  weeks) be fo re  acc l imat ion  
Table 1. 
Sunmary s t a t i s t i c s  showing the  nun5er of c lones  averaged,  the  mean 
reproduct ion  r a t e ,  t he  average e r r o r  coef f i . c ien t  of v a r i a t i o n ,  and 
the  average r a t i o  of t he  a c t u a l  var iance  d iv ided  by the  predic ted  
var iance .  

and a cons tan t  reproduceion r a t e  i s  achieved. Th i s  emphasizes the 
importance of main ta in ing  long term s teady  s t a t e s  f o r  the 
measurement: oE acclimared reprocluctiorl r a t e s .  
The constancy of the  exponent ia l  reproduct ion  r a t e s  over  time 
can be t e s t e d  by one-way a n a l y s i s  of var iance .  Because of the  time 
and expense of doing t h i s  f o r  thousands of clone-environment 
combinations, on ly  s imple v i s u a l  anal-ysis was used t o  determine i f  
t h e  semi-logarithnlic p l o t s  of the  sequeh t i a l  r e p l i c a t e s  a r e  
p a r a l l e l .  To demonstrate the constancy (or  lack  t h e r e o f )  of t he  
acc l im:~~ed reproduct ion  r a t e s  i n  the  cons tan t  environment dev ices ,  
t he  r a t i o  o f  the  s c t u a l  to  pred ic ted  be tween- repl ica tes  var iance  was 
ca l cu la t ed  f o r  each clone-environment combination. The p red ic t ed  
betwczn-repl icate  var iance  was ca l cu la t ed  from t h e  average 
wi th in - -r ep l i ca t e  variance f r o 3  t h e  r eg re s s ion  lines. The r a t i o s  f o r  
each c lone  w i t h i n  one spec ies  i n  one experimental  e n v i r o n m e ~ t  were 
then  averaged. The mean r a t i o s  f o r  each species-environment 
cornbination are presented i n  Table 1 .  A r a t i o  much l a r g e r  than one 
i n d i c a t e s  t h a t  t h e i r  reproduct ion  r a t e s  changed d u r i n g  t h e  
experimznt . 
Surveys of l a rge  numbers of clones of coccol i thophores  and 
d i n o f l a g e l l a t e s ,  u s ing  t h e  techniques j u s t  d e s c r i b e d ,  have shown 
t h a t ,  w i th in  t h e  p r e c i s i o n  of the method, they  grow a t  cons tan t  
r a t e s  f o r  s e v e r a l  months when i n  a  cons tan t  environment.  Because of  
t he  la rge  number of degrees of freedom, the  r a t i o  of a c t u a l  t o  
\, 
predic ted  between- repl icate  va r i ance  should be extremely c l o s e  t o  
one. Why they d i f f e r  from one as  much a s  they do i s  not  known. 
It appears  t h a t  most diatom c u l t u r e s  do not  reproduce a t  
cons t an t  r a t e s .  The da t a  on T h a l a s s i o s i r a  pseudonana presented i n  
-- 
.Table 1 demonstrate t h i s  q u i t e  w e l l .  A survey of approximately 
twenty o the r  diatom spec ies  i nd ica t ed  t h a t  they too  do not reproduce 
a t  cons tan t  r a t e s  (most were l e s s  cons tan t  than  T. pseudonana). The 
- 
reproduct ion  r a t e s  of diatoms f l u c t ~ a t e d  both up and down over  the 
course  oE weeks t o  months. While t h e  p o s s i b i l i t y  of s u b t l e  
environmental  changes wi th in  the  cons tan t  environment devices  cannot 
be r u l e d  orit, t h i s  explana t ion  seems un l ike ly  because 
coccol i thophores  and d i n o f l a g e l l a t e s  appear t o  reproduce a t  cons tan t  
r a t e s  i n  t h e  same de-<ices. Other explana t ions  seem more l i k e l y .  
One p o s s i b l e  reason i s  t h a t  most p lanktonic  diatoms a r e  d i p l o i d  
and homotha l l ic ,  and thus g e n e t i c  recombination can occur i n  c l o n a l  
c u l t u r e .  This  has been demonstrated e l e c t r o p h o r e t i c a l l y  i n  
T h a l a s s i o s i r a  pseudonana and Skeletonema costatum ( ~ u r p h y ,  1978) .  
--P
S e l e c t i o n  among the r e s u l t i n g  mixture of genotypes may then  occur ,  
poss ib ly  r e s u l t i n g  i n  a h ighe r  reproduct ion  r a t e  of t he  c u l t u r e .  
Natura l  s e l e c t i o n ,  however, cannot exp la in  the s h i f t s  t o  lower 
r ep roduc t ion  r a t e s  a l s o  o f t e n  seen i n  diatom c u l t u r e s  grown under 
cons t an t  envi ronnenta l  cond i t i ons .  A second, more l i k e l y  
e x p l a n a t i o n ,  i s  c e l l  s i z e  changes wi th in  the diatom c u l t u r e s .  It i s  
known t h a t  c e l l  s i z e  changes occur i n  diatom c u l t u r e s ,  and t h a t  
\ 
d i f f e r e n t  s i z e  diatom c e l l s  reproduce a t  d i f f e r e n t  r a t e s  ( ~ a a s c h e ,  
1973; Durbin, 1977) .  
Because diatoms do not exhibi. t cons tan t  reproduct ion  r a t e s  over 
time and because they can recombine i n  " clonal"  c u l t u r e ,  they  a r e  
not  good experimental  organisms f o r  s tudying the  amount of g e n e t i c  
v a r i a b i l i t y  p re sen t  i n  n a t u r a l  popula t ions  and were t h e r e f o r e  n o t  
examined i n  t h i s  t h e s i s .  
Control- experiment 
The c o n t r o l  experiment descr ibed below was conducted t o  t e s t  f o r  
s e v e r a l  p o t e n t i a l  problems. F i r s t ,  do the  cons t an t  environment 
devices  r e a l l y  provide a uniform environment? Second, a r e  a l l  th? 
c e l l s  i n  a  c loaaf  c u l t u r e  r e a l l y  g e n e t i c a l l y  i d e n t i c a l  i n  t h e i r  
o v e r a l l  reproduct ive  physioiogy? I s  mutat ion p re s su re  high enough 
so  t h a t  a  s i g n i f i c a n t  f r a c t i o n  of t h e  c e l l s  i n  a  c l o n a l  c u l t u r e  have 
reproduct ion  r a t e s  d i f f e r e n t  from the  parent  c l o n e s ,  thus  a l lowing  
s e l e c t i o n  t o  occur  i n  " clonal"  c u l t u r e s ?  Thi rd ,  do low numbers of 
b a c t e r i a  have an e f f e c t  on phytoplankton reproduct ion  r a t e s ?  These 
ques t ions  a l l  need t o  be answered before  one can be assured  t h a t  t he  
d i f f e r e r ~ c e s  observed i n  the reproduct ion  r a t e s  of the d i f f e r e n t  
c lones  a r e  t r u l y  gene t i c  i n  o r i g i n .  
Three clones ( 9 2 ,  96 ,  299)  of Emi l ian ia  -- h u x l e y i  - were used i n  the  
experiment.  Twelve c e l l s  from each of t hese  t h r e e  c l o n a l  c u l t u r e s  
were i s o l a t e d  by mic rop ipe t t e  i n t o  new c l o n a l  c u l t u r e s .  I n  
\ 
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a d d i t i o n ,  p e n i c i l l i n  G ( t o  a concent ra t ion  of 100 mg/i)  i nd  
s t reptomycin ( t o  a  concent ra t ion  of 50 mg/l)  were added t o  a c t i v e l y  
growing subcu l tu re s  of t he  t h r e e  o r i g i n a l  c lona l  c u l t u r e s .  The next  
day ,  s i n g l e  c e l l s  were washed and i s o l a t e d  from t h e s e  c u l t u r e s  with 
a n t i b i o t i c s  i n t o  new c lona l  c u l t u r e s .  Once they  had developed i n t o  
dense c u l t u r e s ,  they  were t e s t e d  f o r  the presence of b a c t e r i a  by 
adding 0.1% Bacto-peptone. Five axenic  subclones of each of t he  
t h r e e  o r i g i n a l  c lones were then used i n  the  c o n t r o l  experiment,  
a long  wi th  t h e  twelve o ther  subclonal  c u l t u r e s  p rev ious ly  i s o l a t e d .  
I 
The seventeen subclonal  c u l t u r e s  of each of t h e  th ree  o r i g i n a l  
c lones  were then  grow2 i n  the  cons tan t  environment devices  us ing  t h e  
same methods as were used i n  a l l  the o the r  experiments .  One-way 
a n a l y s i s  of va r i ance  was used t o  determine i f  t h e r e  were s i g n i f i c a n t  
d i f f e r e n c e s  amcng the seventeen subclones of each genotype. The 
r e s u l t s  a r e  shown i n  Table 2. They show no s i g n i f i c a n t  d i f f e r e n c e s  
among t h e  subclonal  c u l t u r e s .  This  i n d i c a t e s  t h a t  the  cons tan t  
environnent  devices  do provide a  uniform environment,  t h a t  muta t ion  
p re s su re  i s  not  t he  major d i r e c t  cause of the observed gene t i c  
v a r i a b i l i t y ,  and t h a t  the  presence of low numbers of b a c t e r i a  do not  
have a  s i g n i f i c a n t  e f f e c t  on the exponent ia l  reproduct ion  r a t e s  of 
the  c l o n a l  c u l t u r e s .  The reproduct ion  r a t e s  measured i n  t h i s  
experiment d o  no t  d i fLer  s i g n i f i c a n t l y  wi th  those  measured on the  
same c lones  e leven  months e a r l i e r  ( s e e  Table 4 ) .  
Table 2 
Mean reproduct ion  r a t e s  and ANOVA t a b l e s  showing degrees  of f reedon,  
sum o f -s q u a r e s ,  mean squares ,  F- ra t ios  and P v a l u e s  f o r  each of 
t h r e e  c lones  of Emi l ian ia  hux ley i  from which seventeen  subclones 
were i s o l a t e d  and examined. A P va lue  l e s s  than 0.05 would have 
ind ica t ed  s i g n i f i c a n t  d i f f e r e n c e s  among subclones.  
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Tab le  2 
Clone 92: 2.625 d i v i s i o n s  per day 
Between 16 0.0758 0.00474 1.016 P=O .44 
Wi th in  128 0.597 0.00466 
144 T o t a l  0.573 
Clone 95: 2.099 d i v i s i o n s  per  day 
Between 16 0.0211 0.00132 0.784 P=O. 70 
Within  98 0.165 0.00168 
T o t a l  114 0.186 
Clone 299: 1.732 d i v i s i o n s  per  day 
B e t w e e n  16 0.0139 0.000869 1.156 P=O. 32 
Within  7 2 0.0541 0.000751 
T o t a l  8 8 0.058 
RESULTS 
RESULTS 
Erniliania hux ley i  
The i - so l a t i on  l o c a t i o n s  of t he  82 c lones  of - E. b u x l e y i  a r e  
l i s t e d  i n  Tables  3 and 4 and a r e  shown with r e s p e c t  t o  hydrography 
de t ec t ed  by s a t e l l i t e  imagery i n  F igs .  9 ,  10, and 11. Popula t ions  
A ,  B ,  and C were c o l l e c t e d  be fo re  r igorous  sampling and r eco rd ing  
procedures  were adopted f o r  t h i s  r e sea rch .  T h e r e f o r e ,  t h e  exac t  
1ocati .ons of t h e i r  i s o l a t i o n s  a r e  not  known. They a r e  inc luded  h e r e  
because t h ~ y  provide a  b a s i s  f o r  t e s t i n g  whether or no t  c l o n a l  
c u l t u r e s  change g e n e t i c a l l y  over t h e  course of s e v e r a l  y e a r s .  These 
0 0 
c lones  were grown f o r  23 days a t  16 C and f o r  46 days  a t  26 i n  
a 1.4:10 LD photoperiod with a l i g h t  i n t e n s i t y  of 0.23 l y / n i n .  T h e  
0 0 
reproduct ion  r a t e s  a t  16 C and 26 C ,  along wi th  t h e  95% 
confidence i n t e r v a l s ,  a r e  shown i n  Tables 3 and 4. The mean e r r o r s  
( c o e f f i c i e n t s  of v a r i a t i o n )  i n  t h e s e  measurements were 3.502 a t  
1 6 O ~  and 3.772 a t  2 6 O ~ .  The r a t i o  of the r ep roduc t ion  r a t e  a t  
0 0 26 C divided by t he  reproduzt ior ,  r a t e  a t  16 C was c , ~ l c u l a t e c i  f o r  
each c lone .  These r a t i o s  a r e  presented i n  Table  5. 
Because of t he  low numbers of clones i n  t he  i n d i v i d u a l  
popu la t i ons ,  popu la t i ons  F and L from s lope  water  and popu la t i on  R 
from the  edge of a warm c o r e  eddy a r e  grouped t o g e t h e r  i n t o  what 
w i l l  be c a l l e d  t h e  n e r i t i c  group. Clones from t h e  Sa rgas so  Sea and 
Gulf Stream a r e  grouped toge the r  i n t o  those i s o l a t e d  i n  May (pops. 
D ,  E ,  and G )  and those  i s o l a t e d  i n  September and October (pops.  M. 
N ,  P ,  Q, 2 ,  S ,  T ,  and U). These w i l l  be r e f e r r e d  t o  a s  the  s p r i n g  
and f a l l  oceanic groups, r e s p e c t i v e l y .  Popula t ions  H, I ,  and J were 
i s o l a t e d  i n  the Gulf of Maine near  Georges Bank and w i l l  bz c a l l e d  
t h e  cold water group. Histograms f o r  t he se  groups of t h e  
r ep roduc t ion  r a t e s  a t  16' an3 2 6 ' ~  and the  25/16 r a t i o  a r e  shown 
i n  F i g s .  12, 13,  and 14,  r e s p e c t i v e l y .  
One-way a n a l y s i s  of var iance  showed t h a t  t h e r e  i s  a  s i g n i f i c a n t  
d i f f e r e n c e  among t h e  four  groups a t  lbOc ( F  r a t i o  of 3.753 w i t h  3  
and 69 degrees  of freedom and a P  va lue  oE 0.0147),  a t  2 6 ' ~  (P  
r a t i o  of 10.451 and a P va lue  l e s s  than 0.0001),  and i n  t h e  26/16 
r a t i o  (F r a t i o  of 7.755 and a P  va lue  of 0.00021. Least  s i g n i f i c a n t  
d i f f e r e n c e  t e s t s  and S c i e f f e  t e s t s  i nd i ca t ed  t h a t  t h e r e  a r e  no 
s i g n i f i c a n t  d i f f e r e n c e s  among t h e  f a l l  oceanic ,  s p r i n g  ocean ic ,  and 
n e r i t i c  groups, bu t  t h a t  t h e  Gulf of Maine group i s  s i g n i f i c a n t l y  
0 d i f f e r e n t  from the  o the r  t h r e e  a t  t he  0.05 l e v e l  a t  16 C ,  26 '~ ,  
and i n  t h e  26/16 r a t i o .  
Desp i t e  the  presence of g e n e t i c  v a r i a b i l i t y  i n  probably most o r  
a i l  the popula t ions  of E. h u x l e y i  -  ( s e e  t h e  l a r g e s t  popu la t i ons ,  D ,  
N ,  P,  and R i n  Tables 3 ,  4 ,  and 5 ) ,  t h e r e  i s  no i n d i c a t i o n  of a  
s ea sona l  g e n e t i c  s h i f t  between t h e  s p r i n g  and fal-1 oceanic  groups 
(compare his tograms i n  P i g s .  12, 13, and 14). This  i n d i c a t e s  t h a t  
the g e n e t i c  v a r i a b i l i t y  p re sen t  i s  l a r g e l y  non-addi t ive o r  e l s e  no t  
r e spons iv?  t o  those environmental f a c t o r s  which change on a  s ea sona l  
c y c l e .  A comparison of t he  n e r i t i c  group and t h e  oceanic  groups 
a l s o  r evea l s  no gene t i c  d i f f e r e n t i a t i o n  between them. The cold 
water  group from t h e  Gulf of Maine, however, i s  d e f i n i t e l y  
g e n e t i c a l l y  d i f f e r e n t  from the  o the r  groups (compare h is tcgrams i n  
F igs .  1 2 ,  1 3 ,  and 14) .  They, i n  gene ra l ,  reproduce more r a p i d l y  
0 0 than the  warm water c lones a t  16 C and slower a t  26 C .  Th i s  
d i f f e r e n c e  i s  most c l e a r l y  seen i n  t he  26/16 r a t i o .  The o v e r l a p  i s  
due l a r g e l y  t o  t he  two c lones  i s o l a t e d  i n  the  Nor theas t  Channel 
between Georges Banlc and Browns Bank (pop. I )  where t h e  water  was 
0 4 C warmer than i n  t h e  Gulf of Naine where popula t ions  H and J 
were co l l ec t ed .  The water  i n  t he  channel inay have been e n t r a i n e d  
from a nearby warm core  eddy. The s a t e l l i t e  imagery f o r  t h e  week 
be fo re  t h e  i s o l a t i o n  of popula t ion  I was made i s  shown i n  Fig.  15. 
I t  shows s lope  water and p a r t  of a  warm core  eddy being e n t r a i n e d  
i n t o  the  channel.  
The da t a  i n d i c a t e  t h a t  g e n e t i c  d i f f e r e n t i a t i o n  has not  developed 
i n  - E. hux ley i  ac ros s  t he  Gulf Stream but has developed between the  
Gulf of Maine and the  warmer waters  f u r t h e r  -sou th .  It i s  p o s s i b l e  
t h a t  the  gene t i c  d i f f e r e n c e s  observed i n  t he  cold water  group a r e  
t h e  r e s u l t  of rap id  s e l e c t i o n  i n  e x p a t r i a t e  popula t ions  from the 
Sargasso  Sea but  i t  seems more parsimonious t o  cons ider  t h e  g e n e t i c  
d i f f e r e n c e s  t o  be the  r e s u l t  of g e n e t i c  d i f f e r e n t i a t i o n  t h a t  has 
probably developed over a  Longer per iod of time. This  would mean 
t h a t  most of the Gulf oE Maine c e l l s  a r e  p a r t  of an indigenous 
popula t ion  with i t s  own populat ion dynamics, and not  simply the  
r e s u l t  of advect ion.  
There i s  no e v i d e n c ~  among the  82 c lones  examined of gene t i c  
d i f f e r e n t i a t i o n  wi th in  the  s p e c i e s  i n  t he  morphology of t h e  
c o c c o l i t h s .  Micropaleonto logis t s  have found geographic d i f f e r e n c e s  
i n  c a c c o l i t h  morphology i n  - E.  hux ley i  (01cada and McIntyre,  1977). 
These d i f f e r e n c e s  a r e  probably t h e  r e s u l t  of environmental 
i n f l u e n c e s  on morphology o r  of gene t i c  d i f f e r e n t i a t i o n  on s p a t i a l  
s c a l e s  l a r g e r  than were examined i n  thi's t h e s i s .  
An examination of t he  c lones  i n  popula t ions  A and B ,  i s o l a t e d  i n  
1975 and 1976, r e s p e c t i v e l y ,  shows t h a t  they a r e  not  d i f f e r e n t  from 
t h e  r e s t  of the  popula t ions ,  i s o l a t e d  i n  1977. Th i s  i s  f u r t h e r  
evidence t h a t  gene t i c  change i n  c l o n a l  c u l t u r e  i s  not a problem with 
hap lo id  s  pecies . 
Figure  9. 
Hydrography as de t ec t ed  by s a t e l l i t e  imagery and t h e  l o c a t i o n s  of 
popula t ions  D ,  E ,  F ,  and G of Emi l ian ia  hux ley i  i s o l a t e d  on OCEANUS 
25 (May 18-May 23,  1977). 

Figure 10. 
Hvdrography as  de t ec t ed  by s a t e l i i t e  imagery and t h e  l o c a t i o n s  of 
popula t ions  K,  L ,  W, N, P ,  (I, R,  S ,  T, and U of E n i l i a n i a  -. h u x l z i  -
i s o l a t e d  on OCEANUS 35 (0c t .  18-0ct. 24, 1 9 7 7 ) .  

Figure  11. 
Hydrography as de t ec t ed  by s a t e l l i t e  imagery and t h e  l o c a t i o n s  of 
popula t ions  H, I ,  and J of Emi l i an i a  huxleyi i s o l a t e d  on ALBATROSS 
77-09 ( ~ e p t .  19-Sept. 25). 

Table 3. 
Mean reproduction rate of each clone of -- Emiliania huxleyi at 
16'~. Also shown are the isolation locations, number of 
replicates involved, and the 95% confidence intervals for the 
reproduction rate measurements. 
Table 3 
Emi.li ania huxley i 
- 
Environmental conditions: 16012, 33 ppt., 0.23 ly/min., 14:lO LD 
Clone no. Divisions No. of 95% confidence 
per day replicates in.t erva 1 
Pop. A August, 1975 . western Worth Atlantic 
4 3 1.529 6 1.457-1.601 
Pop. B 12-16-76 western North Atlantic 
Pop. C Jan., 1977 western North Atlantic 
Pop. D 5-21-77 36O58'N, 67O42'~ Sargasso Sea 
Table 3 (cont inued)  
Clolle no. D iv i s ions  No. of 95% conf idence  
per day r ep1  i c a t e s  i n t e r v a l  
Pop. E 5-19-77 36O56'N, 67O37'W Sargasso  Sea 
Pop. F 5-18-77 390401N, 69O44'W warm co re  eddy 
Pop. C, 5-22-77 37O02'N, 67O26'W 
112 1.594 5 
Pop. H 9-20-77 420101N, 6G022'W 
334 1.827 4 
Pop. I 9-22-77 42O23'N, 65O58'W 
Pop. J 9-24-77 42O08'N, 680011W 
Pop. K 10-18-77 3g012'N, 6g019'W 
355 1.405 5 
Sargasso  Sea 
1.522-1.667 
Gulf of Maine 
1.704-1.950 
Northeas  tern Channel 
Gulf of Maine 
warm c o r e  eddy 
1.374-1.435 
Table 3 (conf i n u z d )  
Clone no.  D i v i s i o n s  No. of 95% conf idence  
per day rep1 i c a t e s  i n t e r v a l  
Pop. L 10-18-77 3g050'N, 69O5O1W s l o p e  water 
Pop. 11 10-19-77 370011N, 67O33'W Gulf Stream 
Pop. N 10-21-77 3603g1N, 67O54.5'W Sargasso  Sea 
Pop. P 10-20-77 36O49 ' N ,  67O27 ' W Sargasso  Sea 
Table 3 ( c o n t i n u e d )  
Clone no. D i v i s i o n s  No. of 95% c o n f i d e n c e  
per  day r e p l i c a t e s  i n t e r v a l  
POP- Q 10-22-77 36O44'N, 69O20'W S a r g a s s o  Sea 
Pop. B 10-22-77 36O18'N, 69O2.8 'W S a r g a s s o  Sea 
Pop. S 10-22-77 360501N, 6g012 'W S a r g a s s o  Sea 
Pop. T 10-22-77 35O49'N, 68O01'W S a r g a s s o  Sea  
Pop. U 10-21-77 3G039'N, 67O54'W S a r g a s s o  Sea 
Table 4. 
Mean reproduct ion  r a t e  of each clone of Emi l ian ia  h u x l e y i  a t  
-  
26 '~ .  Also shown a r e  t he  i s o l a t i o n  l o c a t i o n s ,  number of 
r e p l i c a t e s  involved,  and t h e  95% confidence i n t e r v a l s  f o r  t h e  
reproduct ion  r a t e  measurements. 
T a b l e  4 
Environmental condi t ions:  26OC, 33 ppt . ,  0.23 ly/min. ,  14:lO LD 
Clone no. Div is ions  No. of 95% confidence 
per day r e p l i c a t e s  i n t e r v a l  
Pop. A August, 1975 western North A t l a n t i c  
43 2.505 13 2.458-2.552 
Pop. B 12-16-76 wes tern  North A t l a n t i c  
Fop. C Jan . ,  1977 western North A t l a n t i c  
Pop. D 5-21-77 36O58 IN, 67O42 ' W Sargasso Sea 
Table 4 (continued) 
Clone no. D iv i s ions  No. of 95% conf idence  
per  day r e p l i c a t e s  i n t e r  va 1 
Pop. E 5-19-77 36O56'N, 67O37'W Sa rgas so  Sea 
Pop. P 5-18-77 390401N, 69O44'W warm co re  eddy 
Pop. G 5-22-77 37O02'N, 67O26!W Sa rgas so  Sea 
11 2 2.525 10 2.439-2.611 
Pop. H 9-20-77 420101N, 66O22'W Gulf of Mai-ne 
334 2.019 7 1.963-2.074 
Pop. I 9-22-77 4Z023'N, 65O58'W Nor theas t e rn  Channel 
Pop. J 9-24-77 42O08'N, f18~01'W Gulf of Maine 
Pop. K 10-18-77 3g012'N, 6g019'W warm c o r e  eddy 
355 2.572 8 2.506-2.638 
Table 4 ( c o n t i n u e d )  
Clone no. D iv i s ions  No. of 95% conf idence  
per day r e p l i c a t e s  i n t e r v a l  






Sargasso  Sea 
Sargasso  Sea 
Table  4 ( c o n t i n u e d )  
Clone no. D i v i s i o n s  No. of 95% con£ i d e n c e  
p e r  day r e p l i c a t e s  i n t e r v a l  
POP* (2 10-22-77 36O44 I N ,  690201W S a r g a s s o  Sea  
Pop. R 10-22-77 36°18'N, 6g028'W S a r g a s s o  Sea  
Pop. S 10-22-77 360501N, 68O12'W S a r g a s s o  S e a  
Pop. T 10-22-77 3604g1N, 680011W S a r g a s s o  Sea  
Pop. U 10-21-77 36O3gfN, 67O54'W S a r g a s s o  Sea  
Table  5. 
0 The ratio of the reproduction rate at 26 C divided by the rate at 




Emi l ian ia  hux ley i  
- -
Clone no. 26/16 r a t i o  
Pop.  A Aug., 1975 western North A t l a n t i c  
4 3 1.64 
Pop. IJ 12-15-76 western North A t l a n t i c  
Pop. C Jan. ,  1977 western North A t l a n t i c  
Pop. D 5-21-77 36058'N9 67O42'W Sargasso  Sea 
Clone no. 
Pop. E 5-19-77 
Pop. F 5-18-77 
Pop. G 5-22-77 
112 
Pop. 1 9-22-77 
Pop. J 9-24-77 
Pop. K 10-18-77 
355 
T a b l e  5 ( c o n t i n u e d )  
26/16 r a t i o  
3605G1N, 67O37'W S a r g a s s o  Sea 
3g040'N, 6g044'W warm c o r e  eddy 
37O02'N, 67O261W S a r g a s s o  Sea 
1.59 
420101N, 66O22'W Gulf of Maine 
1.10 
42O23 I N ,  65O58'W N o r t h e a s t  Channel 
42O08'N, 680011W Gulf of Maine 
3g012'N, 69O19'W warm c o r e  eddy 
1.84 
T a b l e  5 ( c o n t i n u e d )  
Clorre no. 
Pop. L 10-18-77 
Pop. M 10-19-77 
Pop. N 10-21-77 
Pop. P 10-20-77 
26/16 r a t i o  
39050 I N ,  6g050 ' W s l o p e  w a t e r  
370011N, 67O33'W Gulf S t ream 
3603g1N, 67O54.5'W S a r g a s s o  S e a  
36O49 I N ,  67O27 ' W S a r g a s s o  S e a  
Clone no. 
Pop. R 10-22-77 
Pop. S 10-22-77 
Pop. T 10-22-77 
Pop. U 10-21-77 
Tab1.e 5 (continu. .d)  
26/16 r a t i o  
36O44'N, 69O20'W S a r g a s s o  Sea 
36O18'N, 6g028'W S a r g a s s o  Sea 
360501N, 6 8 O 1 2 ' ~  S a r g a s s o  Sea 
3G049'N, 680011W S a r g a s s o  Sea  
3603g1N, 67O54'W S a r g a s s o  Sea 
Figure 12. 
Histograms of t h e  reproduct ion  r a t e s  of Emi l i an i a  h u x l e y i  c lones  a t  
16'~. The groups a r e  t h e  s p r i n g  oceanics  (D+E+G), f a l l  oceanics  
(M+N+P+Q+K+S+T+U), s lope  water  c lones (F+K+L),  and those  from the 
Gulf of Maine (B+I+J). 
8r I---l ave. 95 % conf~dence interval D+E+G 
I 
'L,  , , , n H+I+J 
.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 
\ 
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Figure  13. 
Histograms of t h e  reproduct ion  r a t e s  of Emi l i an i a  h u x l e y i  c lones  a t  
--
2 6 ' ~ .  The groups a r e  t he  sp r ing  o c e a n i c ~  (D+E+G), f a l l  o c e a n i c ~  
!FI+N+P+Q+R+S+T+U), s l ope  water  c lones  (F+K+L) , and those  frortl t h e  
Gulf of Maine (H+.I+J). 





D/V/S/ONS PER DAY 
Figure 14. 
Histograms of the ratio of the reproduction rate at 26'~ divided 
by the reprodaction rate at 16'~ of Emiliania huxleyi clones. The 
-
groups are the spring oceanics (D+E+G), fall oceanics 
(M+M+P+Q+R+s+T+u), slope water clones (F+K+L),  and those from the 
Gulf of Maine (H+I-+J).  

Figure 15. 
Hydrography as detected by satellite imagery one week before 





Twenty c lones  of - G. oceanica were i s o l a t e d  i n  t h e  wes tern  North 
A t l a n t i c .  The loca t ior i s  of t h e i r  i s o l a t i o n s  a r e  l i s t e d  i n  Table  6. 
These loca t ions  a r e  shown wi th  r e spec t  t o  hydrography a s  de t ec t ed  by 
s a t e l l i t e  imagery i n  F igs .  16, 17, and 18. Popula t ion  D ,  n o t  shown 
i n  the  hydrography f i g u r e s ,  was i s o l a t e d  i n  t he  southern  Sargasso  
Sea a t  l 9 ' ~  l a t i t u d e .  The accl imated reproduct ion  r a t e s  of t h e s e  
0 
c lones  were measured a t  a  temperature of 16 C ,  a l i g h t  i n t e n s i t y  
oE 0.023 l y / n i n ,  and i n  a  14: lQ photoperiod. The c u l t u r e s  were 
maintain.ed i n  t h i s  environment f o r  45 days.  The average e r r o r  
( c o e f f i c i e n t  of v a r i a t i o n )  of t hese  measurements i.s 2.38%. The 
reproduct ion  r a t e  measurement and 95% confidence i n t e r v a l  for each 
c ione  i s  shown i n  Table 6. F ig .  19 shows his tograms of t h e  
reproduct ion  r a t e s  of each populat ion.  
Popula t ion  A ( t h e  only  one with enough c lones  t o  y i e l d  
s t a t i s t i c a l l y  s i g n i f i c a n t  d a t a )  has  s i g n i f i c a n t  g e n e t i c  v a r i a b i l i t y  
w i th in  it ( see  Table 6 ) .  Thus, t h i s  spec i e s  does no t  e x i s t  a s  
simply one huge c l o n a l  family i n  na tu re .  A comparison of 
popula t ions  A and D ,  from t h e  no r the rn  and southern  Sargasso  Sea ,  
respec t i -ve ly ,  r e v e a l s  no g e n e t i c  d i f f e r e n t i a t i o n  ( s e e  F ig .  1 9 ) .  
Popula t ions  B and C from a  warm core  eddy and t h e  s lope  w a t e r ,  
r e s p e c t i v e l y ,  a r e  somewhat d i f f e r e n t  ( f o r  reasons d iscussed  below). 
A comparison of t h e  oceanic  group (A+D) and t h e  n e r i t i c  group (B+C) 
r e v e a l s  c l e a r  g e n e t i c  d i f f e r e n t i a t i o n  between them ( s e e  F ig .  20). 
One-way ana lys i s  of va r i ance  showed t h a t  the  d i f f e r e n c e  between 
t h e s e  two groups i s  h igh ly  s i g n i f i c a n t  (F  r a t i o  of 18.750 w i t h  1 and 
16 degrees of freedom and a  P va lue  of 0.0005). The o v e r l a p  between 
t h e  two groups i s  due t o  two c lones  (360, 562) w i t h i n  the  warm co re  
eddy (pay. B )  which a r e  s i m i l a r  t o  t he  Sargasso Sea c lones .  Th i s  i s  
n o t  unexpected because much of the  water w i th in  t h e  warm c o r e  eddy 
o r i g i n a t e d  from the  Sargasso Sea. The populat ion wi th in  t h e  warm 
c o r e  eddy i s  probably a mixture  of genotypes from both n o r t h  and 
south  of the  Gulf Stream. Whether o r  not  i n t e rb reed ing  between t h e  
popula t ions  i s  occlirring i s  not  known. 
The most l i k e l y  exp lana t ion  of t h e  da t a  i s  t h a t  g e n e t i c  
d i f f e r e n t i a t i o n  has developed between populat ions of - G. --- ocean ica  
a c r o s s  t h e  Gulf Stream. Because t h e  n e r i t i c  c lones  were c o l l e c t e d  
i n  October (pops. B and C) and t h e  oceanic  c lones  (pops. A and D) 
were c o l l e c t e d  i n  February and March, t he  hypothes is  t h a t  t h e  
g e n e t i c  d i f f e r ences  observed between the  n e r i t i c  and ocean ic  
popula t ions  a r e  t h e  r e s u l t  of seasonal  gene t ic  changes cannot  be 
r u l e d  o u t .  It is  a l s o  p o s s i b l e  t h a t  t he  gene t i c  d i f f e r e n c e s  seen  
a r e  t h e  r e s u l t  of r ap id  g e n e t i c  changes i n  e x p a t r i a t e  popu la t ions  
from the  Sargasso Sea as  they a r e  c a r r i e d  i n t o  the  s lope  r e g i o n  and 
i t s  d i f f e r e n t  environment. Because Hulburt and MacKenzie (1971) and 
Marsha l l  (1976) have found G. oceanica i n  the  s h e l f  and s l o p e  wa te r s  
- 
elsewhere of f  the  e a s t e r n  coas t  of t h e  United S t a t e s ,  i t  seems most 
l i k e l y  t h a t  the  populat ions of G.  oceanica i n  the  s lope  wa te r  a r e  
- --
indigenous r a t h e r  than e x p a t r i a t e .  I t  seems most parsimonious a t  
t he  p re sen t  t ime t o  cons ider  t he  g e n e t i c  d i f f e r e n c e s  observed 
between t h e  oceanic  and s lope  water  populat ions t o  be t h e  r e s u l t  of 
g e n e t i c  d i f f e r e n t i a t i o n ,  w i th  t h e  Gulf Stream be ing  the  e c o l o g i c a l  
boundary and d i s p e r s a l  b a r r i e r .  
Although one would expect  c lones  i n  t h e  Gulf Stream t o  be 
s i i n i l a r  t o  those  from t h e  Sargasso Sea ,  t h e  s i n g l e  c lone  i n  
popula t ion  E from the  Gulf Stream i s  s i m i l a r  t o  t hose  i n  t h e  s l o p e  
water  no r th  of t h e  Gulf Stream. The most l i k e l y  exp lana t ion  i s  t h a t  
i t  was en t r a ined  i n t o  t h e  Gulf Stream from s lope  water .  
There i s  no i n d i c a t i o n  of g e n e t i c  d i f f e r e n t i a t i o n  i n  t h e  
morphology of t he  spec i e s  d e s p i t e  t h e  g e n e t i c  d i f f e r e n t i a t i o n  i n  i t s  
r ep roduc t ive  physiology. 
Figure  16. 
Hydrography a s  de t ec t ed  by s a t e l l i t e  imagery and t h e  l o c a t i o n  of 
popula t ion  A of Gephyrocapsa oceanica  i s o l a t e d  on OCEANUS 40 (Feb. 
20-Mar. 4, 1978). 

Figure  17. 
Hydrography a s  de t ec t ed  by s a t e l l i t e  imagery and t h e  l o c a t i o n s  of 
popula t ians  B and C of Gephyrocapsa oceanica  i s o l a t e d  on OCEANUS 35 
--- 
(Oct. 18-Oct. 24, 1977).  

Figure  18. 
Hydrography as  de t ec t ed  by s a t e l l i t e  imagery and t h e  l o c a t i o n  of 
popula t ion  E of Gephyrocapsa oceanica  i s o l a t e d  on OCEANUS 48 ( ~ u n e  
--  
27-July 10, 1958) .  

Table 6. 
Mean reproduction rate of each clone of Gephyrocapsa oceanica at 
16"~. Also shown are the isolation locations, number of 
replicates involved, and the 95% confidence intervals for the 
reproduction rate measurements. 
Table  6  
Geph_yrocapsa ocenn ica  
- -. 
Envi-ronmental c o n d i t i o n s :  16OC, 33 pp t . ,  0.023 ly /min . ,  14:lO LD 
Clone no. D i v i s i o n s  No. of 95% c o n f i d e n c e  
p e r  day r e p l i c a t e s  i n t e r v a l  
Pop. A 3-3-78 35O00.5'N, 68O00'W S a r g a s s o  Sea 
Pop. B 10-19-77 39G10.7'N? 6g016'W edge o f  warm c o r e  eddy 
Pop. C 10-23-77 380001N, 71°00'W s l o p e  wate r  
Pop. D 2-21-78 19O19.5'N, 6 5 0 3 2 . 3 ' ~  S a r g a s s o  Sea  
Pop. E 6-30-78 3g020'N, 65O57.5'W Gulf S t ream 
Figure  19. 
Histograms of t h e  reproduct ion  r a t e s  a t  1 6 ' ~  fo r  the i n d i v i d u a l  
popu la t i ons  of Gephyrocapsa oceanica .  

Figure 20. 
Histograms of the reproduction rates at 1 6 O ~  of the oceanic (A+D) 
and neritic (B+c) groups of Gephyrocapsa oceanica. 

Cyclococcol i thina lep topora  
- - --
The i s o l a t i o n  l o c a t i o n s  and reproduct ion  r a t e  d a t a  f o r  31 c lones  
of Cyclococcol i thina l ep topora  a r e  shown i n  Tables  7 ,  8,  and 9 .  A l l  
t h e s e  clones were i s o l a t e d  i n  t he  Sargasso Sea. The l o c a t i o n s  of 
t h e  ind iv idua l  popula t ions  i s o l a t e d  i n  t h e  win ter  and summer a r e  
shown i n  F igs .  21 and 22, r e s p e c t i v e l y .  An examination of s a t e l l i t e  
imagery maps i n d i c a t e d  t h a t  none of t hese  c lones  came from cold  core  
eddies  o r  o the r  anomalous waters .  These c lones  were grown f o r  52 
days a t  2 0 ' ~  and f o r  45 days a t  24'~. .The c u l t u r e s  were grown 
i n  a  14:lO LD c y c l e  of 0.023 ly/min l i g h t .  The mean c o e f f i c i e n t  of 
0 
v a r i a t i o n  f o r  the  e r r o r  i n  t hese  measurements was 2.08% a t  20 C 
and 2.34% a t  24 '~ .  
Genet ic  v a r i a b i l i t y  w i t h i n  t h e  populat ions i s  d e t e c t a b l e  (see 
pop. F,  t h e  only popula t ion  w i t h  more than e i g h t  c l o n e s ,  i n  Tables  
7 ,  8, and 31 ,  demonstrat ing t h a t  - C .  l ep topora  does no t  e x i s t  simply 
-
as a  clone.  There i s  no i n d i c a t i o n  of gene t i c  d i f f e r e n t i a t i o n  
between populat ions w i t h i n  t h e  Sargasso Sea (al though t h e r e  are too  
few c lones  i n  n o s t  of t he  popula t ions  t o  t e s t  t h i s  hypo thes i s  
c r i t i c a l l y ) .  Therefore ,  t h e  populat ions were grouped i n t o  t h o s e  
t h a t  were i s o l a t e d  i n  t h e  win te r  and those  i s o l a t e d  i n  t h e  summer. 
F igures  23, 24, and 25 show his tograms of the  win te r  and summer 
group reproduct ion  r a t e s  a t  2 0 ' ~  and 2 4 O ~  and t h e  r a t i o s  of t he  
reproduct ion  r a t e s  a t  2 4 ' ~  d iv ided  by those  a t  20 '~ .  A 
comparison of t he  his tograms of t h e  two groups (win te r  and summer) 
r e v e a l s  g e n e t i c  d i f f e r e n c e s  between then.  This  i s  not  ev ident  i n  
0 t h e  24Oc d a t a ,  but  i s  v i s i b l e  i n  the  20 C da ta  and most c l e a r  i n  
the  his tograms of t he  24/20 r a t i o .  One-way a n a l y s i s  of v a r i a n c e  
showed t h a t  t he  d i f f e r e n c e s  a r e  s i g n i f i c a n t  a t  2 0 ' ~  (I? r a t i o  of 
17.013 with 1 and 29 degrees of freedom and a  P va lue  of 0.0003) and 
i n  t h e  24/20 r a t i o  (F r a t i o  of 17.443 and a  P va lue  of 0.0002) ,  bu t  
no t  a t  2 4 ' ~  (F r a t i o  of 0.450 and a  P va lue  of 0.508) .  Thi s  i s  
evidence of a  seasonal  gene t i c  change i n  t h e  popula t ions .  T h i s  
change i s  not  l a r g e  and t h e r e  i s  much ove r l ap  between the  t w o  
groups. The change i n  the  24/20 r a t i o  i s  i n  t he  oppos i t e  d i r e c t i o n  
from what would be expected i f  temperature was the major s e l e c t i v e  
f o r c e  caus ing  t h e  seasonal  gene t i c  change. The gene t i c  change i n  
t he  s l o p e  of the  tempera ture- f i tness  curve i s  presumably the r e s u l t  
of p l e i o t r o p i c  i n t e r a c t i o n  wi th  some o the r  c h a r a c t e r i s t i c  under  
seasonal  s e l e c t i o n ,  although t h e r e  i s  no d i r e c t  evidence for  t h i s .  
No morphological d i s t i n c t i o n s  could be made between t h e  win te r  
and summer c lones .  
Figure 21. 
I .ocations of t h e  w in t e r  popula t ions  of ~ c l o c o c c o l i t h i n a  l ep topora  
- 
(A,  B ,  C ,  D ,  and El. Populat ion A was i s o l a t e d  on OCEANUS 35 ( 0 c t .  
18-0ct.  24, 1977). Popu la t i ons  B ,  C ,  D ,  and E  were i s o l a t e d  on 
OCEANUS 40 (Feb. 20-Mar. 4 ,  1978). 

Figure  22. 
Locat ions of the  sumner popula t ions  of Cyclococcol i th ina  ---- - l ep topora  
.-- 
(I?, G ,  H ,  I, J ,  and K) i s o l a t e d  on OCEANUS 48 ( ~ m e  27-July 10 ,  

Table 7. 
Mean reproduction rate of each clone of Cyclococcolithina - leptopora 
at 20'~. Also shown are the isolation locations, number of 
replicates involved, and the 95% confidence intervals for the 
reproduction rate measurements. 
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Table  7 
Cyclococcol i th ina  lep topora  
Environmental condi t ions :  20°C, 33 pp t . ,  0.023 ly lmin . ,  14:lO LD 
Clone no. D iv i s ions  No. of 95% conf idence  
per  day r e p l i c a t e s  i n t e r v a l  
Pop. A 
Pop. ' B  
Pop. C 
10-21-77 3603g1N, 67O54.5'W Sargasso  Sea 
3-1-78 25O33'N, 66O14'W Sargasso  Sea 
3-3-78 35O00.5'N, 680001W Sargasso  Sea 
Pop. D 2-20-78 18O47'N, 65O28'W Sargasso  Sea 
689 0.939 8 0.924-0.955 
Pop. E 2-28-78 21°49'N, G5O20.5'W Sargasso  Sea 
723 0.625 6 0.600-0.649 
Table  7 (cont inued)  
Clone no. D iv i s ions  No. of 95% conf idence  
per  day r e p l i c a t e s  i n t e r v a l  
Pop. F 7-2-78 32O05.3'N9 65O03.6'W Chal lenger  Bank 
Pop. G 5-30-78 350201N, 65O57.5'W Sargasso  Sea 
Pop. H 7-1-78 33O45 ' N ,  67O30 ' W Sargasso  Sea 
Pop. I 7-6-78 33O44'NY 71°00'W Sargasso  Sea 
Yop. J 7-4-78 33O45'NY 67O30'W Sargasso  Sea 
814 1.036 7 1.008-1.065 
Pop. K 7-5-78 33O45'N, 67O2g1W Sargasso  Sea 
825 0.936 7 0.923-0.949 
Table 8. 
lea11 reproduction rate of each clone of Cyclococcolithina leptopora 
- - -- 
at 24'~. Also shorn are the isolation locations, number of 
re~licates involved, and the 95% confidence intervals for the 
reproduction rate measurements. 
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Table  8 
Cyclococcol i th ina  l ep  topora 
Environmental condi t ions :  24OC, 33 pp t . ,  0.023 ly/min.,  14:lO LD 
Clone no. D iv i s ions  No. of 95% conf idence  
per day r e p l i c a t e s  i n t e r v a l  
Pop. 4, 10-21-77 3G039 I N ,  67O54.5'W Sargasso  Sea 
Pop. B 3-1-78 25O33'N, 6G014'W Sargasso Sea 
Pop. C 3-3-78 35000.5'N, 680001W Sargasso  Sea 
Pop. D 2-20-78 18O47'N, 65O28'W Sargasso  Sea 
Pop. E 2-28-78 21°49 I N ,  65O20.5'W Sargasso  Sea 
723 0.569 4 0.545-0.594 
Table 8 (cont inued)  
Clone no. D iv i s ions  No. of 95% conf idence  





7-2-78 32O05.3'N, 65O03.6'W Chal lenger  Bank 
6-30-78 3j020'N, 65O57.5'W sargasso  Sea 
7-1-78 33O45'N, 67030'W Sa rgas so  Sea  
7-6-78 33O44'N, 71°00'W Sa rgas so  Sea  
Pop. J 7 -4-7 8 33O45'N, 67O30'W Sa rgas so  Sea  
814 0.802 6 0.744-0.859 
Pop. R 7-5-78 33O45'N, 67O29'W Sa rgas so  Sea 
825 0.799 3 0.767-0.832 
Table 9. 
The r a t i o  of the  reproduct ion  r a t e  a t  2 4 ' ~  divided by the  r a t e  a t  
2 0 ' ~  f o r  each clone of Cyclococcol i th ina  leptopora.  
-
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T a b l e  9 
C y c l o c o c c o l i t h i n a  l e p t o p o r a  
Clone no. 24/20 r a t i o  
Pop. A 1.0-21-77 3G039'N, 67O54.5'W S a r g a s s o  Sea  
500 0.95 
Pop. B 3-1-78 
Pop C 3-3-78 
Pop. D 2-20-78 
25O33'N, 6 6 O 1 4 ' ~  S a r g a s s o  Sea  
35O00.5'N, 680001W S a r g a s s o  Sea  
18O47 I N ,  65O28'W S a r g a s s o  Sea  
Pop. E 2-25-78 21°49'N, 65O20.5'W S a r g a s s o  Sea  
723 0.91 
Table  9 (continued) 
Clone no.  
Pop. F 7-2-78 
Fop. G 6-30-78 
Pop. H 7-1-78 
Pop. I 7-6-78 
Pop. J 7-4-78 
Pop. K 7-5-78 
825 
24/20 r a t i o  
32O05.3'N, 65O03.6'W Cha l lenger  Bank 
35020tN, 65O57.5'W S a r g a s s o  Sea 
0.95 
0.82 
S a r g a s s o  Sea 
S a r g a s s o  Sea 
S a r g a s s o  Sea 
S a r g a s s o  Sea 
0 Histograms of the  reproduct ion  r a t e s  a t  20 C of t he  w in t e r  
(A+B+C+D+E) and summer (F+G+H+I+J+K) groups of Cyc lococco l i t h ina  
l ep topora .  
H ave. 95 Ol0 
confidence interval 
.6 .7 .8 .9 1.0 1 . 1  1.2 
D/V/S/QNS PER DAY 
0 Histograms of the  reproduct ion  r a t e s  a t  24 C of t he  w in t e r  
(A+B+C+D+E ) and sunmer (F+G+H+I+J+K) groups of Cyc 1ococco l i fh ina  
l ep topc ra .  
l--l ave. 95% 
confidence interval 
.6 .7 .8 .9 1 .O 1.1 1.2 
D/L/S/ONS PER DAY 
F i g u r e  25. 
His tograms of the r a t i o  of t h e  r e p r o d u c t i o n  r a t e  a t  2 4 ' ~  d i v i d e d  
by t h e  r e p r o d u c t i o n  r a t e  a t  2 0 ' ~  of t h e  w i n t e r  (A+H+c+D+E) and 
summer (F+G+H+I+J+I<) groups  o f  Cyc l o c o c c o l i t h i n a  l e p t o p o r a .  
-- 

Prorocen t ru? micans 
-. 
Twenty-eight c lones  of P. micans were i s o l a ~ e d  from the  
l o c a t i o n s  l i s t e d  i n  Tables  10 and 11 and shown wi th  r e s p e c t  t o  
s a t e l l i t e  de t ec t ed  hydrography i n  F ig .  26. The r ep roduc t ion  r a t e s  
0 
and 95% confidence i n t e r v a l s  of t h e s e  clones grovn a t  22 C f o r  41 
days and a t  2 6 O ~  f o r  38 days a r e  shown i n  Tables  10 and 11, 
r e s p e c t i v e l y .  The 26/2.2 r a t i o s  a r e  l i s t e d  i n  Table  12. These 
c lones  were grown i n  a  14:10 LD photoperiod wi th  a  l i g h t  i n t e n s i t y  
of 0.23 ly/min. The mean e r r o r s  ( c o e f f i c i e n t s  of v a r i a t i o n )  f o r  
t he se  experiments were 3.28% a t  2 2 ' ~  and 2.94% a t  2 6 ' ~ .  The 
c lones  were grouped i n t o  those  popula t ions  i s o l a t e d  on Georges Bank 
(pops .  A ,  C ,  and D )  and those  i s o l a t e d  i n  t h e  Gulf of Maine j u s t  
no r th  of  Georges Bank (pops. B and E ) .  The water  i n  t h e  Gill£ of 
0 Maine was approximstely 2  C co lde r  than t h e  water  on Georges 
Bank. The his tograms of t h e  reproduct ion  r a t e s  of t h e s e  two groups 
a t  2 2 ' ~  and 2 6 ' ~  and t h e  26/22 r a t i o s  a r e  shown i n  F i g s .  27,  28, 
and 29.  
No s t a t i s t i c a l l y  s i g n i f i c a n t  g e n e t i c  v a r i a b i l i t y  appears  i n  the  
0 
r ep roduc t ion  r a t e s  a t  22 C (F ig .  271, bu t  s i g n i f i c a n t  g e n e t i c  
v a r i a b i l i t y  i s  apparent  i n  t h e  2 6 ' ~  d a t a  (F ig .  28) f o r  t h e  Gulf of 
Maine popula t ions  (pops. R and E ) .  A comparison of t h e  two groups 
(Georges Bank and Gulf of Maine) r e v e a l s  no major d i f f e r e n c e s  
0 0 between them a t  22 C or  26 C .  The Ceorges Bank group appears  
r a t h e r  uniform wh i l e  t h e  Gulf of Maine group e x h i b i t s  a  range  of 
0 
reproduct ion  r a t e s  a t  26 C with the  spread toward lower 
reproduct ion  r a t e s  than  found i n  t h e  Georges Bank group. A small 
d i f f e r e n c e  i s  seen between the  two groups i n  t he  26 /22  r a t i o  
(one-way a n a l y s i s  of va r i ance  F r a t i o  of 4.228 and a  P  va lue  of 
0.0501. The Gulf of Maine group i s  more v a r i a b l e  and has a  someb~hat 
iower r a t i o .  
The lower 2 6 / 2 2  r a t i o  of the Gulf of Maine group ( ~ i g .  2 9 )  could 
be i n t e r p r e t e d  a s  gene t i c  d i f f e r e n t i a t i o n  i n  temperature a d a p t a t i o n ,  
because t h e  water  on Georges Bank was a.pproximately two degrees 
warmer than  t h e  Gulf of Maine a t  t h e  time of c lone  i s o l a t i o n .  The 
p e s s i b i l i t y  of the  p a t t e r n  being the  r e s u l t  of a  p l e i o t r o p i c  
i n t e r a c t i o n  wi th  some o the r  c h a r a c t e r i s t i c  under s e l e c t i o n  cannot be 
ru l ed  o u t ,  however. 
The most l i k e l y  exp lana t ion  i s  t h a t  t he  absence of s t a t i s t i c a l i y  
s i g n i f i c a n t  gene t i c  v a r i a b i l i t y  i n  t h e  Georges Bank group i s  t h e  
r e s u l t  of the absence of most sexual  reproduct ion  and 
recombination. The g r e a t e r  gene t i c  v a r i a b i l i t y  i n  t h e  Gulf of Maine 
may r e f l e c t  more sexual  reproduct ion  and recombinat ion i n  t h e  l e s s  
product ive  environment. Most of t h e  water on Georges Bank de r ives  
from the Gulf of Maine (~umpus ,  1976). Because of t h e  l a r g e  amount 
of v e r t i c a l  mixing and i n f l u x  of n u t r i e n t s  on Georges Bank and t h e  
r e s u l t a n t  high p r o d u c t i v i t y ,  --- Prorocentrum micans may be reproducing 
~ r i m a r i . 1 ~  a sexua l ly  i n  t h e  presumably more f avo rab le  environmental 
regime. Only t h e  most r a p i d l y  reproducing c lones  would remain i n  
abundance on Georges Bank. This i s  u s u a l l y  thought t o  be the 
gene ra l  tendency i n  phytoplankton. Williams (1975)  has  given 
t h e o r e t i c a l  reasons  why organisms might reproduce p r imar i l y  
a s e x u a l l y  i n  environments f avo rab l e  f o r  r a p i d  reproduct ion  and 
s e x u a l l y  i n  l e s s  favorab le  environments.  
F i g u r e  26. 
Hydrography a s  d e t e c t e d  by s a t e l l i t e  imagery and t h e  l o c a t i o n s  of 
popu1.ations A ,  B ,  C ,  D ,  and E of  P ro rocen t rum micans  i s o l a t e d  on 
ALBATROSS 77-09 ( ~ e p t .  19-Sept. 25, 1977) .  

Table 10. 
Mean reproduction rate of each clone of Prorocentrum micans at 
-- 
0 22 C. Also shown are the isolation locations, number of 
replicates involved, and the 95% confidence intervals for the 
reproduction rate measurements. 
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Tab le  10 
Prorocentrum rnicans 
.- 
Environmental condi t ions :  2Z°C, 33 pp t . ,  0.23 ly/min. ,  14:lO LD 
Clone no. Div is ions  No. of 95% conf idence  
per day r e p l i c a t e s  i n t e r v a l  
Pop. A 9-20-77 4S016.3'N, 68O17'W Georges Bank 
Pop. B 9-24-77 42O06 IN, 68O04 'TJ Gulf of Maine 
Pop. C 9-20-77 41°13'N, 67O57'W Georges Bank 
Pop. D 9-20-77 41048'N, 66043'W Georges Bank 
Table 10 (continued) 
Clone no. Divisions No. of 95% confidence 
per day replicates interval 
Pop. E 9-24-77 41039'N, GS039'W Gulf of Maine 
Table 11. 
Mean reproduction rate of each clone of Prorocentrum micans at 
--
2 6 O ~ .  Also shown are the isolation locations, number of 
replicates involved, and the 95% confidence intervals for the 




Enviroumental condi t ions :  26OC, 33 p p t . ,  0.23 ly/min.,  14:10 LD 
Clone no. Div is ions  No. of 95% confidence 
per day r e p l i c a t e s  i n t e r v a l  
Pop. A 9-20-77 41°16.3'N, 58O17'W Georges Bank 
Gulf of Maine 
Pop. C 9-20-77 41°13'N, 67O57'W Georges Bank 
Pop. I) 9-20-77 41°48'N, 66043'W Georges Bank 
Table 11 (cont inued)  
Clone no. Div is ions  No. of 95% confidence 
per da.y r e p l i c a t e s  i n t e r v a l  
Pop. E 9-24-77 41°39'N, 68O39'W Gulf of Maine 
Table 12. 
The ratio of the reproduction rate at 26'~ divided by the rate at 
3 22 C for each clone of Prorocentrum micans. 
- 
T a b l e  12 
Clone no. 
Pop. A 9-20-77 
Pop. B 9-24-77 
Pop. C 9-20-77 
Pop. D 9-20-77 
Prorocen t rum rnicans 
P -  
26/16 r a t i o  
4 1 ° 1 6 . 3 ~ ,  6 8 O 1 7 ' ~  Georges Bank 
1.11 
1.18 
42'06 ' N ,  - 68O04'W Gulf o f  Maine 
41°13'N, 67O57'W Georges Bank 
41°48'N, 66O43'W Georges Bank 
Clone no. 
Fop. E 9-24-77 
Table 1 2  (cont inued)  
26/16 r a t i o  
41°39'N, 68O39'W Gulf of Maine 
Figure 27. 
0 Histograms of the reproduction r a t e s  a t  22 C of the Georges Bank 
(A+c+D) and Gulf of Maine (B+E) groups of Prorocentrum micans. 
--- 
D/V/S/ONS PER DAY 
Figure  28. 
0 Kistograms of the reproduct ion  r a t e s  a t  26 C of the Georges Bank 




D/V/S/ONS PER DAY 
-. . - - - - - - . - - - - - . - - . . . - - 
< .  
. . . - .: - - - - . .
Figure 29. 
Histograms of the ratio of the reproduction rate at 26OC divided 
by the reproduction rate at 22'~ of the Georges Bank (A+c+D) and 
Gulf of Maine (B+E) groups of Prorocentrum micans. 

Dissodinium lunu la  
---- -. 
The l o c a t i o n s  of the i s o l a t i o n s  of the 22 c lones  of D. l u n u l a  
- -¶ 
a11 from the  Sargasso Sea,  a r e  l i s t e d  i n  Table 13 and shown i n  F ig .  
30. S a t e l l i t e  imagery of s ea  su r f ace  temperature does not  r e v e a l  
any anomalous water  where t h e s e  c lones  were i s o l a t e d .  These c lones  
were grown a t  2 4 ' ~  i n  a  14: 10 LD photoperiod w i t h  an i l l u m i n a t i o n  
of 0.023 ly/min f o r  102 days. The reproduct ion  r a t e s  and 95% 
confidence i n t e r v a l s  f o r  t h e s e  c lones  a r e  presented  i n  Table  13. 
The average  e r r o r  i n  t h e  reproduct ion  r .a te  measrements was 3.65% 
( c o e f f i c i e n t  of v a r i a t i o n ) .  Histograms of the  r ep roduc t ion  r a t e s  
f o r  t h e  t h r e e  groups a r e  shown i n  F ig .  31. 
Sign i f i - can t  gene t i c  v a r i - a b i l i t y  i s  found w i t h i n  popula t ion  A 
( t h e  only  one w i t h  enough clones t o  examine),  i n d i c a t i n g  t h a t  -. D. 
l unu la  i s  not  pure ly  c l o n a l  i n  na tu re  ( s ee  Table 13). The 
.- 
histograms i n  F ig .  31 show t h a t  group B+C (from n e a r  t h e  Gulf 
Stream) i s  s i g n i f i c a n t l y  d i f f e r e n t  from group D+E+F+G (froin near  
~ e r m u d a ) ,  bu t  t h e r e  i s  no - a p r i o r i  hydrographic r ea son  t o  group them 
t h i s  way. The only  l o g i c a l  grouping would be A+B+C (near  t h e  Gulf 
Stream) and D+E+F+G (near  ~ e n n u d a ) .  These two groups a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  because popula t ion  A i s  s i m i l a r  t o  group 
D+F,+F+G. Why t h e  t h r e e  c lones  i n  group B+C have h ighe r  r ep roduc t ion  
r a t e s  than the  o t h e r s  i s  not known. Unseen hydrographic even t s  or  
environmental f a c t o r s  may be involved,  but  t h e  m o s t  parsimonious 
exp lana t ion  a t  t he  present  time i s  t ) ~ a t  of an a c c i d e l ~ t a l  skew i n  the  
random sampling of t he  c lones  i n  nature .  
The range of reproduct ion  r a t e s  found i n  - D. l unu la  i n  t h i s  s tudy  
i s  s i n i l a r  t o  t h a t  found by S w i f t ,  e t  a l .  (1973) .  Unlike t h e i r  
--
f i n d i n g s ,  however, a l l  my c lones  were bioluminescenta  
F i g u r e  30. 
Loca t ions  of popu la t i ons  A ,  B ,  C ,  D ,  E ,  F ,  and G of Dissodinium 




Xean reproduction rate of each clone of Dissodinium lunula at 
- 
0 24 C. Also shown are  the isolation locations, number of 
replicates involved, and the 95% confidence intervals for the 
reproduction rate measurements. 
Table 13 
Dissodinium lunula  
-
Environmental cond i t i ons :  24OC, 33 pp t . ,  0.023 ly/min. ,  14:lO LD 
Clone no. D iv i s ions  No. of 
per day r e p l i c a t e s  
95% conf idence  
i n t e r v a l  
Pop. A 7-7-78 36O02 'N, 70°57. 5'W Sargasso  Sea 
Pop. B 7-6-78 33O44'N) 71°00'W Sargas.so Sea 
Pop. C 7-7-78 36O52 'M , 70°58 ' W Sargas so  Sea 
Pop. D Sargasso  Sea 
Pop. E Sa rgas so  Sea 
0.331-0.345 
Pop. F Sa rgas so  Sea 
0.273-0.345 
Pop. G Sargas so  Sea 
0.344-0.370 
Figure 31. 
Hj-stograms of t h e  reproduct ion  r a t e s  a t  2 4 ' ~  of t h r e e  groups of 
Dissodiniun lunu la  c lones .  
-.-- 
H ave. 95 % 
confidence interval 
D/V/S/ONS PER DAY 
Thoracosphaera h e i ~ n i  
- - .  
The twenty c lones  of T. heimi examined were a l l  i s o l a t e d  i n  the 
- -  
Sargasso Sea ( t h e  l o c a t i o n s  of t hese  i s o l a t i o n s  a r e  shown i n  Fig. 
32). S a t e l l i t e  imagery revealed no anomalous water  where t h e s e  
c lones  were i s o l a t e d .  The reproduct ion  r a t e s  of t h e s e  c lones ,  
accl imated f o r  53 days a t  2 0 ' ~  i n  a  14:lO LD photoperiod of 0.023 
ly/min l i g h t ,  a r e  shown i n  Table 14 with t h e  95% confidence 
i n t e r v a l s .  The average e r r o r  a s soc i a t ed  wi th  t h e s e  measurements was 
2.02% ( c o e f f i c i e n t  of v a r i a t i o n ) .  
Because t h e r e  were no obvious d i f f e r ences  between i n d i v i d u a l  
popula t ions  (most were too  small  t o  compare with any s t a t i s t i c a l  
s i g n i f i c a n c e ) ,  t h e  populat ions were grouped i n t o  t h o s e  i s o l a t e d  i n  
October,  1977; t hose  i s o l a t e d  i n  March, 1978; and t h o s e  i s o l a t e d  i n  
J u l y ,  1978. Histograms of the reproduct ion  r a t e s  of the c lones  i n  
each of t h e s e  t h r e e  groups a r e  presented i n  Fig.  33. There i s  no 
evidence of g e n e t i c  d i f f e r e n t i a t i o n  between popula t ions  w i t h i n  t h e  
Sargasso Sea or  of seasonal  gene t i c  changes i n  Thoracosphaera 
heimi.  One-way a n a l y s i s  of var iance  y ie lded  an F r a t i o  of 1.406 
with 2 and 17 degrees of freedom and a P va lue  of 0.272. Leas t  
s i g n i f i c a n t  d i f f e r e n c e  and Schef fe  t e s t s  a t  t h e  0.05 l e v e l  showed no 
s i g n i f i c a n t  diEEerences between any of the  groups. S t a t i s t i c a l l y  
s i g n i f i c a n t  g e n e t i c  v a r i a b i l i t y  does e x i s t  w i t h i n  t h e  popu la t ions ,  
however ( s ee  pops. D and F )  . 
Figure 32.  
Locat ions of popula t ions  A ,  B ,  C ,  D ,  E ,  F ,  and G o f  Thoracosphaera 
h e i m i .  Popula t ions  A ,  B,  and C w e r e  i s o l a t e d  on OCEANUS 35 (Oct.  
18-Oct. 2 4 ,  1977). Popula t ions  D and E were i s o l a t e d  on OCEANUS 40 
(Feh. 20-Mar. 4 ,  1978). Populat ions F and G were i s o l a t e d  on 
OCEANUS 48 (.June 27-July 10, 1978). 

Table 14. 
Mean reproduction rate of each clone of Thoracosphaera heimi at 
- --
2 0 ' ~ .  Also shown are the isolation locations, number of 
replicates involved, and the 95% conEidence intervals for the 
reproduction rate measurements. 
Table  14 
Thoracosphaera  h e i m i  -- 
Environmental  c o n d i t i o n s :  20°C, 33 p p t . ,  0.023 ly /min . ,  14:lO LD 
Clone no. D i v i s i o n s  No. of 95% c o n f i d e n c e  
per  day r e p l i c a t e s  i n t e r v a l  
Pop. A 10-21-77 3603g1N, 67O54.5'W S a r g a s s o  Sea 
Pop.. B 10-22-77 3€i044. 2'N, 690201W S a r g a s s o  Sea 
Pop. C 10-22-77 360111N, 69O34:5'W S a r g a s s o S e a  
Pop. D 3-3-78 35O00.5'N, 68000tW S a r g a s s o  Sea 
Pop. E 3-1-78 27O07.5'N, 660401W S a r g a s s o  Sea 
Pop. F 7-3--78 33O45'N, 670301W S a r g a s s o  Sea  
Pop. G 7-7-78 36O09.5'N, 70°58.?'W S a r g a s s o  Sea  
Figure 33. 
Histograms of the reproduction rates at 20'~ of the summer (F+G), 
fall (A+B+c), and winter (D+E) groups of Thoracosphaera heimi. 
t-+ ave. 95 Ol0 
confidence interval 
\ D/V/S/ONS PER DAY 
Gony au l ax  &marensis 
The i s o l a t i o n  l o c a t i o n s  aod reproduct ion  r a t e s  of the 83 c l o n e s  
of - G .  t amarens is  a r e  l i s t e d  i n  Table  15. These c lones  were grown a t  
-
1 6 ' ~  i n  a  14:lO LD p l~otoper iod  of 0.023 ly lmin  l i g h t  f o r  48 , ~ y s .  
The average  e r r o r  i n  t he  reproduct ion  r a t e  measurements was a 
c o e f f i c i e n t  of v a r i a t i o n  of 4.25%. 
The h is togram ( see  F ig .  34) f o r  popula t ion  D ,  i s o l a t e d  from 
c e l l s  which had germinated from c y s t s  c o l l e c t e d  i n  Perch Pond by D r .  
Donald Anderson, shows s t a t i s t i c a l i y  s i g n i f i c a n t  g e n e t i c  v a r i a b i l i t y  
w i t h i n  t he  popula t ion .  The group A+C,  a l s o  shown i n  F ig .  34 ,  i s  a  
c o l l e c t i o n  of c e l l s  which were i s o l a t e d  i n t o  c l o n a l  c u l t u r e  f r o x  
non- clonal c u l t u r e s  which had been maintained by D r .  Davicl Wall f o r  
approximately one month be fo re  I made the  c lona l  i s o l a t i o n s  f r o x  
then .  Each of t he se  non-clonal  c u l t u r e s  o r i g i n a t e d  from t h r e e  t o  
t e n  c e l l s  from Perch Pond. Most of t h e  c lones  i n  t h i s  small  group 
(A+C) have lower reproduct ion  r a t e s  than t h e  c lones  i n  popu la t i on  D, 
from t h e  same pond. One p o s s i b l e  exp lana t ion  i s  a year t o  year  
g e n e t i c  change i n  t he  Perch Pond popul-ation. Two o the r  exp lana t ions  
a r e  perhaps more l i k e l y ,  however. The f i r s t  p o t e n t i a l  e x p l a n a t i o n  
i s  t h a t  t h e  non- clonal populat ions changed g e n e t i c a l l y  d u r i n g  t h e  
two months be fo re  they were c loned ,  due t o  t h e  s e l e c t i o n  p r e s s u r e s  
they experienced i n  t h e  l a b o r a t o r y .  A second, l e s s  l i k e l y  
e x p l a n a t i o n  i s  t h a t  recombination wi-thin t h e  o r i g i n a l  non- clocal  
c u l t u r e s  l ed  t o  inbreeding dep re s s ion  because of t he  small  number of 
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c e l l s  from which t h e  non-clonal c u l t u r e s  o r i g i n a l l y  developed. 
Inbreeding  dep re s s ion  i s  almost un iversa l ly  found i n  a wide v a r i e t y  
of organisms ( ~ o b z h a n s k ~ ,  1970; Wright,  1977; Roughgarden, 1979) .  
Because of t he  high degree of t u rbu len t  mixing t o  which 
phytoplankton a r e  s u b j e c t e d ,  phytoplankton a r e  probably r a r e l y ,  i f  
e v e r ,  burdened wi th  inbreeding  depress ion  i n  n a t u r e .  The g e n e t i c  
system of phytoplankton may be more s u s c e p t i b l e  t o  i n b r e e d i n g  
dep re s s ion  than t h a t  of most organisms because t h e r e  i s  less 
s e l e c t i o n  p re s su re  f o r  p r o t e c t i o n  a g a i n s t  i nb reed ing  dep re s s ion .  
Whether o r  not  s u b s t a n t i a l  g e n e t i c  changes occur red  i n  t h e  
non- clonal c u l t u r e s  i s  no t  known conc lus ive ly ,  bu t  i t  is  a 
p o s s i b i l i t y  which rnust be considered.  This emphasizes t he  
importance of e s t a b l i s h i n g  c l o n a l  c u l t u r e s  a t  s e a  wi thout  enrichment 
i n  o rde r  t o  o b t a i n  an unbiased sample of the n a t u r a l  popula*'   ion. 
The reproduct ion  r a t e s  of t he  c lones  i s o l a t e d  elsewhere (pops.  B ,  E ,  
F, and G )  tend t o  be lower than those  i n  popula t ion  D .  Because most 
of them a l s o  began non- clona l ly ,  i t  i s  unc lear  whether  t h e s e  
d i f f e r e n c e s  a r e  t h e  r e s u l t  of r e a l  popula t iona l  d i f f e r e n c e s ,  
l a b o r a t o r y  s e l e c t i o n ,  o r  inbreeding  depress ion .  
Table 15. 
Mean reproduction rate of each clone of 9 a u l a x  .- ----- tamarensis at 
16'~. Also shown are the isolation locations, number of 
replicates involved, and the 95% confidence intervals for the 
reproduction rate measurements. 
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Table  15 
Gonyau1.a~ t a m a r e n s i s  
---
Environmental  c o n d i t i o n s :  16OC, 33 p p t . ,  0.023 l y / m i n . ,  14:lO LD 
Clone no.  D i v i s i o n s  No. of 95% c o n f i d e n c e  
per  day r e p l i c a t e s  i n t e r v a l  
Pop. A 9-14-76 Perch Pond, Falmouth , M a s s a c h u s e t t s  
i s o l a t e d  from c y s t s  c o l l e c t e d  by D. Wall 
Pop. B 5-29-76 M i l l  Pond, O r l e a n s ,  M a s s a c h u s e t t s  
i s o l a t e d  f r o m  c y s t s  c o l l e c t e d  by D .  Wall 
Pop. C s p r i n g ,  1977, Perch Pond, Falmouth,  M a s s a c h u s e t t s  
i s o l a t e d  fro!il c y s t s  c o l l e c t e d  by D. Wall 
Pop. D s p r i n g ,  1975, Perch Pond, Palmouth,  M a s s a c h u s e t t s  
i s o l a t e d  from c y s t s  c o l l e c t e d  by D. Anderson 
Clone no. Div is ions  
per day 
T a b l e  15 ( c o n t i n u e d )  
Pop. D (cont inued)  
No. of 
r e p l i c a t e s  
95% confidence 
i n t e r v a l  
Table 15 (cont inued)  
Pop. D (cont inued)  
Clone no. Div is ions  No. of 95% confidence 
per day r e p l i c a t e s  i n t e r v a l  
Pop. E Sep t . ,  1972, Glouces te r ,  Ma. 
c u l t u r e  f i r s t  i s o l a t e d  by C .  Mart in  
Pop. F s p r i n g ,  1977 M i l l  Pond, Or leans ,  Ma. 
c lone  i s o l a t e d  by D .  Anderson 
GTMP 0.558 4 0.547-0.569 
Pop. G Aug., 1973 Saanich I n l e t ,  Vancouver I s l a n d ,  B r i t i s h  Columbia 
non-clonal c u l t u r e  i s o l a t e d  by R. Waters 
Figure  34. 
Histograms of the reproduct ion  r a t e s  a t  1 6 ' ~  of t h e  c l o n a l  (D) and 






Clonal  s t a b i l i 3  
-- 
The da t a  a v a i l a b l e  i n d i c a t e  t h a t  c lona l  c u l t u r e s  of 
coccol i thophores  and d i n o f l a g e l l a t e s  do not  change g e n e t i c a l l y  over  
t i m e .  A comparison of the  reproduct ion  r a t e s  of c lones  92, 96, and 
299 of E n ~ i l i a n i a  h u x l e y i  measured i n  t he  experiment conducted on a l l  
t h e  clones of - E. hux ley i  -- ( s e e  Table 4 )  .and the  r ep roduc t ion  r a t e s  
menstired i n  t he  c o n t r o l  experiment conducted e leven  months l a t e r  
( s e e  Table  2) r e v e a l s  no s i g n i f i c a n t  d i f f e r e n c e s .  A comparison of 
t h e  c lones  of E. hux ley i  i s o l a t e d  from t h e  western North A t l a n t i c  i n  
- 
1975 and 1976 (POPS. A and B )  with  those  i s o l a t e d  i n  1977 (pops. C ,  
D ,  E ,  F, G, K, L,  M, N, P ,  Q ,  R, S,  T, and U) shows no s i g n i f i c a n t  
d i f f e r e n c e s  ( s ee  Tables  3, 4, and 5 ) .  Thus, i t  seems s a f e  t o  assume 
t h a t  haplo id  coccol i thophores  and d i n o f l a g e l l a t e s  do not  change 
g e n e t i c a l l y  i n  t h e i r  reproduct ion  r a t e s  i n  c l o n a l  c u l t u r e  (over  t h e  
course  of a year o r  two anyway). 
While c lona l  c u l t u r e s  of coccol i thophores  and d i n o f l a g e l l a t e s  
appear  t o  be g e n e t i c a l l y  q u i t e  s t a b l e ,  t h e  importance of t h e  
c u l t u r e s  being t r u l y  c l o n a l  must be s t r o n g l y  emphasized. Murphy 
(1978) has demonstrated t h a t  c l o n a l  c u l t u r e s  of diatoms can change 
- 
g e n e t i c a l l y  through time. The most l i k e l y  exp lana t ion  f o r  t h i s  i s  
t h a t  diatoms a r e  d i p l o i d  and most a r e  homothal l ic .  Thus they  can  
recombine i n  c u l t u r e ,  producing rnany new genotypes. S e l e c t i o n  
w i t h i n  t he se  now non- clonal c u l t u r e s  can p o t e n t i a l l y  l ead  t o  
substantial g e n e t i c  changes. While t h i s  cannot heppen i n  c l o n a l  
c u l t u r e s  of coccol.i thophores and dinoElagel1-ates because they  a r e  
hap lo id ,  genc?tic changes could c e r t a i n l y  occur i n  non- clonal 
c u l t u r e s .  C i r cums tan t i a l  evidence f o r  t h i s  i n  Gonyaulax tamarens is  
was presented.  This  emphasizes the importance of i s o l a t i n g  c e l l s  
from n a t u r e  as  c lones  immediately t o  avoid s e l e c t i o n  and 
inbreeding .  E s s e n t i a l l y  a l l  pa s t  i s o l a t i o n s  of phytoplankton 
cul t .ures  have been enrichment c u l t u r e s  which were made c l o n a l  only 
a t  some l a t e r  d a t e ,  i f  a t  a l l .  It i s  not known how r e p r e s e n t a t i v e  
these c u l t u r e s  a r e  of the  genotypes o r i g i n a l l y  p r e s e n t  i n  t h e  water .  
Genetic v a r i a b i l i t y  
0---- - 
I n  e s s e n t i a l l y  a l l  cases  where a t  l e a s t  e i g h t  c lones  were 
i s o l a t e d  from one water  b o t t l e ,  s t a t i s t i c a l l y  s i g n i f i c a n t  g e n e t i c  
v a r i a b i l i t y  was de t ec t ed .  This  impl ies  t h a t  most marine 
phytoplankton e i t h e r  reproduce sexua l ly  a t  l e a s t  p a r t  bf t h e  time or  
c o n s i s t  of many p a r a l l e l  c l o n a l  l i n e s .  The e l e c t r o p h o r e t i c  
v a r i a b i l i t y  found by Gallagher  (1978) and Murphy (unpubl i shed)  i n  
o t h e r  phytoplankton spec i e s  i n d i c a t e s  t h a t  g e n e t i c  recombinat ion 
occurs  o f t en .  Table 16 g ives  t h e  range and c o e f f i c i e n t  of v a r i a t i o n  
f o r  the asexual  reproduct ion  r a t e s  i n  each (water  b o t t l e )  popu la t ion  
Table 1 6 .  
The range of reproduct ion  r a t e s  and the  c o e f f i c i e n t s  of v a r i a t i o n  
among c lones  i n  a l l  popula t ions  wi th  more than eight c lones .  
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T a b l e  1.6 
Spec ies  Pop. Experimental Range of C o e f f i c i e n t  
temperature reproduct ion  r a t e s  of v a r i a t i o n  
E. huxley i 
- -- 
D 16 1.237-1.706 7.9% 
I 1  D 2  6  2.063-2.555 6.52 
I I N 16 0.944-1.577 13.4% 
I 1  N 26 2.163-2.584 5.1% 
G.  ocoanica 
- -.-P 
C. l ep topora  
- - 
D. l unu la  
- 
G .  t amarens is  
- 
with  more than e i g h t  c lones .  The amount of g e n e t i c  v a r i a b i l i t y  i n  
asexua l  reproduct ion  r a t e  observed i n  most of the  popu la t i ons  ( s ee  
Table  16)  was around 3-13% ( c o e f f i c i e n t  of v a r i a t i o n ) .  The two 
populatiorls t h a t  had g r e a t e r  amounts of g e n e t i c  v a r i a b i l i t y  (pop. I 
of - E.  hl lxleyi  -- and pop. B of  G .  oceanica)  were from hydrographic  
- 
regimes where d i f f e r e n t  popula t ions  from more than one wa te r  mass 
were probably be ing  mixed toge the r .  This  emphasizes t h e  importance 
of knowing t h e  hydrographic  h i s t o r y  of a  "populat ion" .  It should be 
remembered t h a t  t h e  amount of gene t i c  v a r i a b i l i t y  observed may be an 
u n d e r e s t i n a t e  because on ly  10-50% of the s i n g l e  c e l l  i s o l a t i o n s  were 
succes s fu l .  I t  i s  p o s s i b l e  (bu t  I th ink  u n l i k e l y )  t h a t  some 
genotypes a r e  less s u c c e s s f u l  than o t h e r s  i n  s u r v i v i n g  a s  s i n g l e  
c e l l  i s o l a t i o n s .  Because of t h e  s t a t i s t i c a l  l i m i t s  of t h e  method, 
i t  i s  imposs ib le  t o  determine from the d a t a  whether t h e  s p e c i e s  
examined e x i s t  a s  on ly  a  few l a r g e  c lona l  f a m i l i e s  o r  a s  "Mendelian" 
popula t ions  wi th  almost  every i n d i v i d u a l  g e n e t i c a l l y  d i f f e r e n t .  The 
r e l a t i v e  propor t ions  of c e l l s  i n  n a t u r e  t h a t  a r e  t h e  r e s u l t  of 
asexua l  o r  sexua l  r ep roduc t ion  and t h e  s i z e  of c l o n a l  f a m i l i e s  
r e s u l t i n g  from asexual  reproduct ion  a r e  not  known. E l e c t r o p h o r e t i c  
d a t a  a r e  needed t o  h e l p  answer t he se  ques t i ons .  
A small  f r a c t i o n  of t h e  c e l l s  i n  t h e  popu la t i ons  have 
s u b s t a n t i a l l y  lower r ep roduc t ion  r a t e s .  They seem t o  l i e  o u t s i d e  
t h e  "normal1' d i s t r i b u t i o n  of f i t n e s s  values .  It i s  n o t  known i f  
they a r e  t h e  r e s u l t  of some s o r t  of g e n e t i c  load o r  have some 
adapt;-ve advantag$. 
The gene t i c  v a r i a b i l i t y  examined i n  t h i s  t h e s i s  i s  i n  components 
of fi.tr:.ess of e n t i r e  genotypes. This  says noth ing  about  i n d i v i d u a l  
genes.  It i s  not  known whether only a  few or  many genes a r e  
r e spons ib l e  f o r  t he  gene t i c  d i f f e r e n c e s  de t ec t ed  among t h e  c lones .  
Furthermore, i t  i s  not known what the  r e l a t i o n s h i p  i s  between 
gene t i c  v a r i a b i l i t y  i n  components of f i t n e s s  and t h e  amount of gene 
polynorphism w i t h i n  a  populat ion.  
Whether s p e c i e s  and popnla t ions  i n  more v a r i a b l e  o r  
unpred ic t ab le  environments have more o r  l e s s  g e n e t i c  v a r i a b i l i t y  
than  those  i n  more constant: environments has been of g r e a t  
t h e o r e t i c a l  i n t e r e s t  ( s ee  d i scuss ions  by Levins ,  1968; Beardmora, 
1970; Gras s l e ,  1972; Selander  and Kaufman, 1973; Ayala,  -- e t  - a Z . 1975; 
Bryant ,  1976; Hedrick,  -- e t  a l . 1976; Soule,  1976; Va len t ine ,  1976; 
and Grsss1.e and G r a s s l e ,  1977). While some e l e c t r o p h o r e t i c  s t u d i e s  
have tended t o  support  one view o r  the  o t h e r ,  i n  g e n e r a l ,  t h e r e  has 
been no c l e a r  t r end  i n  favor  of any p a r t i c u l a r  hypo thes i s  ( ~ e w o n t i n ,  
19743, Soule,  1976). Ayala and Valent ine  (1979) found h ighe r  l e v e l s  
of e l e c t r o p h o r e t i c  v a r i a b i l i t y  i n  a  t r o p i c a l  euphausid s p e c i e s  t han  
i n  a bo rea l  euphausid s p e c i e s ,  hu t  i t  i s  not  known what t h e  
r e l a t i o n s h i p  i s  between e l e c t r o p h o r e t i c  v a r i a b i l i t y  and g e n e t i c  
v a r i a b i l i t y  i n  components of f i t n e s s .  The d a t a  presented  i n  t h i s  
t h e s i s  show no obvious d i f f e r e n c e s  i n  t h e  amount of gene t i c  
v a r i a b i l i t y  i n  f i t n e s s  between spec i e s  or  popu la t ions ,  even though 
s p e c i e s  f r a n  oceanic ,  n e r i t i c ,  and e s t u a r i n e  w a t e r s ,  and popula t ions  
of the same spec ies  from both oceanic  and n e r i t i c  waters  were 
examined. This  cannot be taken  t o  be s t rong  evidence t h a t  t h e r e  i s  
no erivironmental p a t t e r n ,  however. Several  problems a r i s e  i n  t r y i n g  
t o  d i s c e r n  any genera l  p a t t e r n  from so  few da ta .  
F i r s t  of a l l ,  t h e  amount of gene t i c  v a r i a b i l i t y  i n  reproduct ion  
raLes depends upon where i n  t h e  n iche  hyperspace t h e  reproduct ion  
r s t e s  a r e  measured. One i n d i c a t i o n  of t h i s  i s  t h e  gene t i c  
v a r i a b i l i t y  seen i n  popula t ions  B and E of Prorocentrum micans a t  
2 2 ' ~  and 26'~. More g e n e t i c  v a r i a b i l i t y  i n  reproduct ion  r a t e s  
0 i s  apparent  a t  26 C than a t  2 2 ' ~  ( s e e  F igs .  27 and 28) .  The 
l o c a t i o n  wi th in  the  niche hyperspace where t h e  r ep roduc t ion  r a t e s  
a r e  measured may be as  i ~ n p o r t a n t  as the environment from which the  
popula t ion  was derived i n  determining the amount of g e n e t i c  
v a r i a b i l i t y  observed. 
A second problem wi th  making g e n e r a l i z a t i o n s  about t h e  amount of 
gene t i c  v a r i a b i l i t y  observed i n  n a t u r a l  popula t ions  of phytoplankton 
i s  -that  sexual  reproduct ion  i s  probably somewhat spo rad ic  i n  
n a t u r e .  It i s  p o s s i b l e  t h a t  d i f f e r e n t  amounts of g e n e t i c  
v a r i a b i l i t y  could occur i n  those  populat ions t h a t  have r e c e n t l y  
undergone ex tens ive  sexual  r ep roduc t ion  than  i n  t h o s e  popula t ions  
reproducing p r imar i ly  a sexua l ly .  The r e l a t i v e  amounts of s exua l  and 
asexual  reproduct ion  t h a t  occur  i n  phytoplankton popu la t ions  i n  
d i f f e r e n t  environmental s i t u a t i o n s  and t h e  cond i t i ons  under which 
one reproduct ive  mode o r  t h e  o the r  p r e v a i l s  a r e  n o t  known at t h e  
p re sen t  time. Therefore ,  i t  i s  p o s s i b l e  t h a t  t he  d i f f e r e n c e s  
observed i n  t he  amount of g e n e t i c  v a r i a b i i i t y  observed could be  
expla ined  simply by t h e  amount of sexua l  reproduct ion  o c c u r r i n g  i n  
t h e  pop1.11ations when t h e  c lones  were i s o l a t e d  from them. Depending 
upon whether normalizing,  d i r e c t i o n a l ,  o r  d i v e r s i f y i n g  s e l e c t i o n  i s  
predominating, more o r  l e s s  gene t i c  v a r i a b i l i t y  could be found i n  a  
popula t ion  reproducing p r i m a r i l y  s exua l ly  than i n  one reproducing  
a sexua l ly .  
A t h i r d  problem wi th  t r y i n g  t o  r e l a t e  gene t i c  v a r i a b i l i t y  w i th  
environmental v a r i a b i l i t y  o r  p r e d i c t a b i l i t y  i s  t h a t  t h e  amount of 
environmenral v a r i a b i l i t y  o r  p r e d i c t a b i l i t y  perce ived  by humans may 
no t  r e f l e c t  a t  a l l  t h e  amount experienced by phytoplankton c e l l s .  
Many parameters of the  phys i ca l  environnent  can probably be 
cons idered  t o  be more v a r i a b l e  and unpred i c t ab l e  i n  n e r i t i c  wa te r s  
than  oceanic  wa te r s ,  bu t  t h i s  may no t  be t r u e  f o r  b i o l o g i c a l  
parameters .  Because of t h e  h ighe r  spec i e s  d i v e r s i t y  of t h e  ocean ic  
communities, spec i e s  i n t e r a c t i o n s  may be more v a r i a b l e  and 
unpred i c t ab l e .  Before anyth ing  d e f i n i t e  can be s a i d  about  t h i s  
c o n s i d e r a t i o n ,  t h e  d e t a i l s  of spec i e s  i n t e r a c t i o n s  must be b e t t e r  
understood and t h e  r e l a t i v e  importance t h a t  phys i ca l  and b i o l o g i c a l  
f a c t o r s  have i n  i n f l u e n c i n g  t h e  ecology of phytoplankton s p e c i e s  
must be known. I t  i s  g e n e r a l l y  thought  t h a t  s p e c i e s  i n t e r a c t i o n s  
zmong phytoplankton a r e  mediated through p l ~ y s i c a l  f a c t o r s  such a s  
nutr j .ents  and l i g h t ,  but  t h i s  i s  no t  known conclus ive ly .  We cannot ,  
a p r i o r i ,  say  t h a t  the  oceanic  environment r e a l l y  i s  more cons tan t  
-- 
and p r e d i c t a b l e  than  t h e  n e r i t i c  environment. The b e s t  way t o  avoid 
t h i s  problem i s  t o  examine t h e  amount of gene t i c  v a r i a b i l i t y  i n  
p a r t i c u l a r  environmental f i t n e s s  curves and the  v a r i a b i l i t y  and 
p r e d i c t a b i l i t y  of the  corresponding environmental f a c t o r .  This  
approach must be used with caut ion  because of the  p o t e n t i a l  
importance of gene t i c  l inkage  and p l e i o t r o p i c  i n t e r a c t i o n s  between 
t h e  enviroixnental f i t n e s s  curve of i n t e r e s t  and o t h e r  
c h a r a c t e r i s t i c s .  
In  conclus ion ,  t h e r e  i s  no evidence of a r e l a t i o n s h i p  between 
envi ronnenta l  v a r i a b i l i t y  or  p r e d i c t a b i l i t y  and g e n e t i c  v a r i a b i l i t y ,  
but  t h e r e  a r e  r e a l l y  too few d a t a  a t  the  present  t ime t o  t e s t  t h i s  
hyp0thesi.s adequately.  The only  case  i n  which a  d i s t i n c t  d i f f e r e n c e  
between populat ions i n  zimount of gene t i c  v a r i a b i l i t y  appeared w a s  i n  
Prorocentrum micans. Popula t ions  13 and E from t h e  Gulf of Maine had 
0 
more g e n e t i c  v a r i a b i l i t y  i n  t h e i r  reproduct ion  r a t e s  a t  26 C than 
did popula t ions  A ,  C ,  and D from Georges Bank. Probably t h e  most 
parsimonious explana t ion  a t  the  present  t ime i s  t h a t  of much more 
sexual  reproduct ion  occurr ing  i n  t h e  Gulf of Maine than  on Georges 
Bank because of the  more f avo rab le  environmental cond i t i ons  on 
Georges Bank. 
What maintains  the arnount of g e n e t i c  v a r i a b i l i t y  p re sen t  i n  most 
rr~arixle p i~ytoplankton  popula t ions?  Severa l  exp lana t ions ,  n o t  
mutual ly exc lus ive ,  a r e  poss ib l e .  
The p o s s i b i l i t y  of high mutat ion pressure  being the  immediate 
canse oE the  genet ic  v a r i a b i l i t y  observed can probably be r u l e d  ou t  
because of the r e s u l t s  of t he  c o n t r o l  experiment i n  which no g e n e t i c  
d i f f e r e n c e s  were found among i n d i v i d u a l  c e l l s  of c l o n a l  c u l t u r e s .  
Th i s  does n o t ,  however, r u l e  out  the  p o s s i b i l i t y  t h a t  t he  g e n e t i c  
v a r i a b i l i t y  i s  t h e  resu l t :  of mutants (generated by a low muta t ion  
p r e s s u r e )  t h a t  a r e  maintained i n  long- term coexis tence  by some o t h e r  
mechanism. I t  i s  no t  known i f  t h e  d i f f e r e n t  genotypes a r e  t h e  
d i r e c t  products  of mutat ions or  recombination. 
A second explana t ion  f o r  t h e  maintenance of t h e  observed gene t i c  
v a r i a b i l i t y  could he h e t e r o s i s .  How important t h i s  mechanism i s  i n  
main ta in ing  gene t i c  v a r i a b i l i t y  i n  n a t u r a l  popula t ions  i s  unkno-m. 
Lewontin, -- e t  a l . (1978) and Clarke (1979) c a s t  doubt on t h e  i d e a  
t h a t  simple h e t e r o s i s  i s  t h e  major mechanism. H e t e r o s i s  i s  somewhat 
u n l i k e l y  (but not imposs ib le )  i n  the  case oE coccol i thophore  and 
dinof  l a g e l l a t e  spec i e s  t h a t  a r e  haplo id  i n  t he  v e g e t a t i v e  s t a t e  wi th  
on ly  the  zygote being d i p l o i d .  
Another p o t e n t i a l  mechanism i s  temporal environmental 
v a r i a b i l i t y .  This  hypothes is  has received much a t t e n t i o n  ( ~ e v i n s  , 
1965; Beardmore, 1970; G i l l e s p i c ,  1975; Valent ine ,  1976; SouLe, 
1976; Bryant ,  1976; F e l s e n s t e i n ,  1376; Hedrick, 1976; and Hedr ick ,  
e t  al . . ,  19761, but t h e  requirements  f o r  main ta in ing  s u b s t a n t i a l  
-- 
g e n e t i c  v a r i a b i l i t y  t h i s  way a lone  a r e  q u i t e  r i go rous  ( ~ a l d a n e  and 
Jayalcar, 1963). I f  t h i s  mechanism were impor tan t ,  one would expec t  
t o  f i nd  h igher  moun t s  of g e n z t i c  v a r i a b i l i t y  i n  popula t ions  l i v i n g  
i n  tempora l ly  more v a r i a b l e  environments.  There i s  no p o s i t i v e  
evidence of t h i s  i n  my d a t a ,  bu t  t h e r e  a r e  r e a l l y  t o o  few d a t a  
a v a i l a b l e  t o  t e s t  t he  hypothes i s  adequate ly  ( f o r  reasons  d i s cus sed  
e a r  l i . e r  1. 
Another hypothes i s  i s  t h a t  t he  g e n e t i c  v a r i a b i l i t y  i s  the  r e s u l t  
of t h e  phys i ca l  mixing and recombination among genotypes from 
d i f f e r e n t  popula t ions  t h a t  have d i f f e r e n t i a t e d  g e n e t i c a l l y  ( s ee  
d i s c u s s i o n s  by Soule ,  1971  and F e l s e n s t e i n ,  1976). There i s  no 
evidence f o r  t h i s  hypothes i s  i n  my d a t a ,  because no g e n e t i c  
d i f f e r e n t i a t i o n  was found wi th in  water  bodies  such as  t h e  Sargasso 
Sea.  Phys i ca l  rcixi.ng probably i s  an important  f a c t o r  on ly  i n  
gene ra t i ng  t h e  l a r g e r  amounts of g e n e t i c  v a r i a b i l i t y  observed i n  
t hose  popula t ions  i s o l a t e d  from warm co re  eddies  (pop. I of - E. 
huxley-i -- and pop. B of - G. ocean ica ) ,  where popu la t i ons  from d i f f e r e n t  
water  bodles  w e r e  being mixed t o g e t h e r .  Brand, e t  a l .  (1980) a l s o  
found what appeared t o  be an unusua l ly  l a r g e  amount of g e n e t i c  
v a r i a b i l i t y  i n  a popula t ion  of t he  diatom -- T h a l a s s i o s i r a  -- pseudonana -
i s o l a t e d  i n  a w a n  core  eddy. This  v a r i a b i l i t y  was a t t r i b u t e d  t o  
t he  phys i ca l  mixing of g e n e t i c a l l y  d i f f e r e n t  n e r i t i c  and oceanic  
popula t ions  and t o  reduced r ep roduc t ion  r a t e s  r e s u l t i n g  from the  
h y b r i d i z a t i o n  of populat ions wi th  very d i f f e r e n t  gene pools .  It i s  
doubt fu l  t h a t  t h i s  explana t ion  i s  adequate  f o r  most of t h e  g e n e t i c  
'\ 
v a r i a b i l i t y  observed i n  phytoplankton popula t ions ,  however. 
Marginal overdominance (discussed by Wallace, 1968b1, i n  which 
heterozygotes  a r e  not  n e c e s s a r i l y  more f i t  i n  any g iven  enviroilment, 
but a r e  more f i t  o v e r a l l  i n  t h e  whole range of environments 
experienced by the  popula t ion ,  i s  another mechanism by which 
polymorphism can be maintained i n  n a t u r a l  popula t ions  . Thi s  
mechanism i s  a l s o  based upon environmental v a r i a b i l i t y .  The 
importance of t h i s  mechanism i s  not known. 
Another mechanism i~hic11 could be important i n  ma in t a in ing  
gene t i c  v a r i a b i l i t y  i s  wllat 1. s h a l l  t e r n  semi- neutral  g e n e t i c  
v a r i a b i l i t y .  It  i s  probably b e s t  explained i n  g raph ic  fqrm as  shown 
i n  Fig.  35. Over most of t h e  environmental range ,  t h e  d i f f e r e n t  
genotypes have the  sarne f i t n e s s e s  , thus  g e n e t i c  changes and a l l e l e  
f i x a ~ i . o n  can occur only by gene t i c  d r i f t .  Under c e r t a i n  
environmental cond i t i ons ,  however, d i f f e r e n t  genotypes have 
d i f f e r e n t  f i t n e s s e s  and s e l e c t i o n  can occur.  This  t y p e  of g e n e t i c  
v a r i a b i l i t y  i s  hidden from n a t u r a l  s e l e c t i o n  most of the t ime ,  s o  
s u b s t a n t i a l  amounts of gene t i c  v a r i a b i l i t y  can be main ta ined  w i t h i n  
a  populat ion r a t h e r  e a s i l y .  The kind of d a t a  p re sen ted  i n  th i s  
t h e s i s  could,  i n  ~ r i n c i ~ l e ,  determine whether o r  n o t  t h i s  t y p e  of 
v a r i a b i l i t y  e x i s t s  i n  phytoplankton populat ions,  b g t  more d a t a  a r e  
needed than have been c o l l e c t e d  t o  da te .  Reproduction r a t e  d a t a  a r e  
needed a l l  the way t o  the  end of an environmental f i t n e s s  curve t o  
t e s t  the  hypothes is .  
Figure 35. 
Hypothetical environmental fitness curves for two genotypes. 

Frequency-dependent s e l e c t i o n  i s  another cand ida t e  as  a 
mechanism f o r  main ta in ing  g e n e t i c  v a r i a b i l i t y .  Clarke (1979) has  
argued t h a t  t h i s  may be t h e  most important  mechanism f o r  a t  l e a s t  
c e r t a i n  types  of polymorphisms. D i seases ,  p a r a s i t e s ,  and g raze r s  
may tend t o  a t t a c k  the  most abundant genotype. Again, t h e r e  a r e  no 
d a t a  Gn phytoplankton with which t o  t e s t  t h i s  hypo thes i s  a t  t h e  
p re sen t  t ime. 
Another explana t ion  t h a t  has  Seen proposed t o  e x p l a i n  g e n e t i c  
v a r i a b i l i t y  i n  popula t ions  of o t h e r  types  of organisms i s  t h a t  of 
spat : ia l  environmental he t e rogene i ty  and n iche  d i v e r s i t y  ( s e e  
di-scussions by Levene, 1353; Van Valen, 1965; G i l l e s p i e ,  1974, 1975; 
T a y l o r ,  1976; F e l s e n s t e l n ,  1976; Hedrick,  - e t  -- a l . ,  1976; Taylor  and 
Powell ,  1977; S t e i n e r ,  1977; Powell and Taylor ,  1979).  Tlle 
occupat ion  of d i f f e r e n t  mic rohab i t a t s  by d i f f e r e n t  genotypes makes 
t h e  maintenance of gene t i c  v a r i a b i l i t y  much e a s i e r .  There i s  
evidence f o r  t h i s  hypothes i s  i n  a  number of organisms ( s e e  Powell  
and Tay lo r ,  1979) ,  but  i t  i s  not  c l e a r  whether i t  is a p p l i c a b l e  t o  
phytoplankton.  I t  i s  p r e c i s e l y  because t h e r e  a r e  no obvious 
m i c r o h a b i t a t s  f o r  phytoplankton t h a t  Hutchinson (1961) proposed t h e  
"paradox of the plankton". Whether t he  observed s p e c i e s  d i v e r s i t y  
of phytoplanlzton communities i s  p a r t l y  t h e  r e s u l t  of m i c r o h a b i t a t s  
i s  no t  known a t  the  p re sen t  t i n e .  
Hypotheses about t h e  maintenance of g e n e t i c  v a r i a b i l i t y ,  t h a t  
r e l y  upon envi ron~nenta l  v a r i a b i l i t y  or  n iche  d i v e r s i t y ,  a r e  s i m i l a r  
t o  those hypotheses proposed t o  expla in  the "paradox of the 
plailkton" ( ~ u t c h i n s o n ,  1961; Richerson,  -- e t  a l . ,  1970; Wil l iams,  
1971 ; Tilman, 1977; Turpin. and l i a r r i son ,  1979). Only one has been 
v e r i f i e d  experimental ly  ( ~ i l m a n ,  1977) and t h i s  mechanism can 
probably main ta in  no more than perhaps f i v e  spec ies  i n  coexis tence  . 
Whether s i m i l a r  mechanisms a r e  r e spons ib l e  f o r  main ta in ing  both 
spec ies  d i v e r s i t y  w i t h i n  phytopl.an1cton communities and g e n e t i c  
v a r i a b i l i t y  wi th in  popul.ations i s  not known. One i n d i c a t i o n  t h a t  
t h i s  i s  c o t  the case  i s  the c l e a r  t rend  toward h igher  spec i e s  
d i v e r s i t y  i n  oceanic  environments than  i n  n e r i t i c  environments 
( l lu lbur t ,  1963, 1970; Margalef,  19671, but  no evidence of h igher  
azounts of gene t ic  v a r i a b i l i t y  i n  oceanic  popula t ions  than  i n  
n c r i  t i c  popula t ions .  Indeed, i f  the hypotheses t h a t  spec i e s  
d i v e r s i t y  and gene t i c  v a r i a b i l i t y  a r e  maintained by environmental 
v a r i a b i l i t y  a r e  c o r r e c t ,  the  immediate p r e d i c t i o n  would be t h a t  both 
spez i e s  d i v e r s i t y  and gene t i c  v a r i a b i l i t y  would be h ighe r  i n  n e r i t i c  
waters  than i n  oceanic  wa te r s ,  assuming our percept ion  t h a t  n e r i t i c  
waters  a r e  more v a r i a b l e  i s  c o r r e c t .  This  p r e d i c t i o n  i s  c l e a r l y  
f a l s e  f o r  spec i e s  d i v e r s i t y  and appears  t o  5e f a l s e  f o r  g e n e t i c  
v a r i a b i l i t y  as we l l .  The explana t ion  cannot be s o  s imple.  
The mechanisms I have j u s t  l i s t e d  a s  being p o t e n t i a l l y  important  
i n  main ta in ing  gene t i c  v a r i a b i l i t y  a r e  not n e c e s s a r i l y  mutua l ly  
exc lus ive .  Indeed, I have s t a t e d  them imprec ise ly  enough t h a t  they 
n e c e s s a r i l y  over lap  i n  some cases .  There i s  no need t o  go i n t o  any 
more d e t a i l  because too  l i t t l e  i s  known a t  the present  t ime t o  t e s t  
t h e  hypotheses r i go rous ly  and d i s t i n g u i s h  among them. 
I t  i s  not known i f  the g e n e t i c  v a r i a b i l i t y  present  i n  
phyt:op!.ankton popula t ions  i s  adap t ive  o r  merely some type  of gene t i c  
load .  One cannot prove t h a t  the  genet ic  v a r i a b i l i t y  i s  not  
adap t ive ,  unless  reproduct ion  r a t e s  over t h e  e n t i r e  n iche  hyperspace 
a r e  measured t o  conf inn  t h a t  a genotype has a  lower f i t n e s s  under 
a l l  circumstances.  F ~ r t h e r r n o r e ,  i t  i s  not known whether t h e  
v a r i a b i l i t y  might be adapt ive  f o r  cu r r en t  environmental changes or  a  
hedge a g a i n s t  unpredic tab le  long-range environmental changes as  
suggested by Williams (1975) and Maynard Smith (1978b). The very 
f a c t  t h a r  sexual  recombination occurs  i n  most spec i e s  of p l a n t s  and 
animals sugzes t s  t h a t  t h e r e  must be some advantage t o  recoinbinatioc 
and genet ic  v a r i a b i l i t y ,  e s p e c i a l l y  given the  50% g e n e t i c  c o s t  of 
meios is  (Williams, 1975; Maynard Smith, 1978b). A t  the  p re sen t  
t ime,  i t  i s  not known whether sexual  reproduct ion can be maintained 
by i n d i v i d ~ l a l  s e l e c t i o n  o r  i f  some s o r t  of group s e l e c t i o n  i s  
necessary  ( ~ i l l i a m s ,  1975; Maynard Smith, 1978b). The b e n e f i t s  of 
s exua l  reconhinatiorl  and g e n e t i c  v a r i a b i l i t y  have never  been 
r igo rous ly  demonstrated. 
The type of d a t a  col l .ected i n  t h i s  t h e s i s  i s  no t  p r e c i s e l y  what 
i s  needed t o  t e s t  i d e a s  concerning the  cos t s  and advantages of 
sexual  reconbinat  i o n  because the  c e l l s  c o l l e c t e d  i n  t he  ocean a r e  
not  d i r e c t  products of r eco~nb ina t ion ,  but a r e  t h e  r e s u l t  of both 
recomSinntion and c l o n a l  p ropaga t ion .  Thus, w h i l e  t h e r e  i s  no 
evidence i n  my d a t a  of sisypllean f i t n e s s ,  as  hypothes ized  by 
W i l l i a n s  (1975) ,  we cannot r u l e  ou t  e n t i r e l y  t h e  remote p o s s i b i l i t y  
t h a t  t h e  c e l l s  c o l l e c t e d  i n  n a t u r e  a r e  t h e  s u r v i v i n g  s isyphean 
genotypes znd the n ~ a j o r i  t y  of the  genotypes r e s u l t i n g  from 
recombinat ion a r e  r a r e l y  observed. I t  seems most parsimonious t o  
conclude,  however, t h a t  s isyphean f i t n e s s  i s  no t  p a r t  of the  g e n e t i c  
s t r u c t u r e  of phytoplankton popula t ions  . 
Genet ic  d i f f e r e n t i a t i o n  
- - - - -.- 
Seve ra l  cases  of g e n e t i c  d i f f e r e n t i a t i o n  a r e  obvious i n  t h e  
d a t a .  The spati .31 gene t i c  p a t t e r n s  observed must be i n t e r p r e t e d  
wit12  cau t ion  f o r  s e v e r a l  reasons ,  however. F i r s t ,  t h e  absence of 
d e t e c t a b l e  g e n e t i c  d i f f e r e n t i a t i o n  i n  any g iven  set of d a t a  i s  n o t  
proof t h a t  d i f f e r e n t i a t i o n  i s  no t  p r e sen t .  It i s  always p o s s i b l e  
t h a t  g e n e t i c  d i f f e r e n t i a t i o n  could be found i f  r ep roduc t ion  r a t e s  i n  
another  p a r t  of t he  n iche  hyperspace were measured. Second, i t  i s  
p o s s i b l e  t h a t  t h e  g e n e t i c  d i f f e r e n c e s  seen between popu la t i ons  a r e  
t h e  r e s u l t  of r a p i d  s e l e c t i o n  i n  e x p a t r i a t e  popu la t i ons  sub jec t ed  t o  
a new environmental regime. A knowledge of t h e  h i s t o r y  of t h e  
popula t ions  i.s needed t o  d i s t i n g u i s h  hetween t h e  hypotheses  of long 
t enn  g e n e t i c  d i f f e r e n t i a t i o n  between independant popu la t i ons  and 
r a p i d  s e l e c t i o n  i n  advected popula t ions .  Rapid s e l e c t i o n  i s  a 
v i a b l e  e x p l a n a t i o n  only  i f  the  popula t ions  have t h e  g e n e t i c  
p o t e n t i a l  f o r  such r a p i d  gene t i c  change. No evidence has been found 
f o r  rap id  genet ic  changes i n  phytoplankton popula t ions .  Despi te  
t hese  p o t e n t i a l  problems, t he  d a t a  seem t o  i n d i c a t e  t h a t  t he  s p a t i a l  
p a t t e r n s  of gene t i c  d i f f e r e n t i a t i o n  a r e  not t he  same i n  d i f f e r e n t  
s p e c i e s .  
Gephyrocapsa oceanica appears t o  c o n s i s t  of a t  l e a s t  two 
- -- -- 
g e n e t i c a l l y  d i f f e r e n t  popula t ions ,  one i n  t h e  Sargasso  Sea and one 
i n  the s lope  wa te r ,  w i t h  t he  Gulf Stream probably s e r v i n g  a s  the 
d i s p e r s a l  b a r r i e r  and environmental boundary between them. There i s  
evidence f o r  the  mixing of t hese  two populat ions i n  a  warm core  eddy 
( see  pop. B i n  Fig.  19) .  The s p a t i a l  p a t t e r n  of g e n e t i c  
d i f f e r e n t i a t i o n  ac ros s  the  Gulf Stream appears s i m i l a r  t o  t h a t  found 
by Brand, e t  a l .  (1980) f o r  t he  diatom T h a l a s s i o s i r a  pseudonana. 
-- ---- 
Whether or  not i n t e r b r e e d i n g  i s  occurr ing  between t h e  two 
popula t ions  of - G. oceanica ,  as has been suggested f o r  T. pseudonana 
- 
(Murphy and G u i l l a r d ,  1976; Brand, e t  a l . ,  1980),  i s  not  known. 
--- 
Emil iac ia  hux ley i  i s  a l s o  found on both s ides  of t h e  Gulf 
--  
Stream, but  t h e r e  i s  no evidence f o r  gene t i c  d i f f e r e n t i a t i o n  ac ros s  
it as  was found i n  G. oceanica and T. pseudonana. The group 
- -- A -
c o l l e c t e d  from two warm core  eddies  a.nd the  s lope  water  (F+R+L) and 
t h e  two groups from t h e  Sargasso  Sea (D+E+G and bf+N+P+Q-t.R+S+T+U) do 
not d i f f e r  s i g n i f i c a n t l y .  There i s ,  however, s t r o n g  evidence f o r  
gene t i c  d i f f e r e n t i a t i o n  between t h e  Gulf of Maine group (H+I+J)  and 
t h e  r e s t  of the popula t ions  c o l l e c t e d  f u r t h e r  south  ( see  F igs .  12, 
13, and 14). The Gulf of Maine group i s  c l e a r l y  adapted f o r  co lder  
0 tempera tures ,  reproduci.ng more r a p i d l y  a t  16 C and more s lowly a t  
0 26 C tha11 the  populatj-ons f r o n  the  Sargasso  Sea and s lope  water .  
The d i f f e r e n t  s p a t i a l  p a t t e r n s  of g e n e t i c  d i f f e r e n t i a t i o n  i n  - G.  
oceanica  a.nd E. h u x l e ~ i  demonstralle 'that. a  lcnowledge of on ly  t h e  
--- - - -  
enviroi:.mental and hydrographic  regime i s  inadequa te  f o r  p r e d i c t i n g  
t h e  s p a t i a l  g e n e t i c  s t r u c t u r e  of phytoplankton s p e c i e s .  Th i s  i s  
e s p e c i a l l y  we l l  demonstrated by t h e  comparison of  - E .  h u x l e y i  and - G.  
oceanica  because they  a r e  c l o s e l y  r e l a t e d  spec i e s  t h a t  have somewhat 
--
s i m i l a r  g loba l  biogeographies .  The f o s s i l  record  i n d i c a t e s  t h a t  - E .  
h u x l e - ~ i  spec l a t ed  from Gephyrocapsa approximately 250,000 yea r s  ago 
- --.L- - -
( ~ c ~ a t y r e ,  1970) .  It  appears  t h a t  - E.  hux ley i  and - G. -- oceanica  have 
evolved d i f f e r e n t  types of adap ta t i ons  t o  t h e  same t e n p e r a t u r e  
regime. - G. oceanica  has developed gene t i c  d i f f e r e n t i a t i o n  (an 
a d a p t a t i o n  a t  t h e  popula t ion  l e v e l ) ,  w h i l e  - E. h u x l e y i  has  evolved a 
wider  tempera ture  n i che  width (grand ,  unpubl ished)  a t  t h e  i n d i v i d u a l  
l e v e l .  A s i m i l a r  p a t t e r n  has  been found i n  Drosophi la  s p e c i e s  
( ~ e v i n s ,  1969). 
No evidence vas  found f o r  g e n e t i c  d i f f e r e n t i a t i o n  among 
popula t ions  of E ~ n i l i a n i a  h u x l e y i ,  -. Cyc l o c o c c o l i t h i n a  l e p t o p ~ ,  
Thoracosphaera heimi , and Dissodinium lunu l a  w i t h i n  the  Sargasso  
----- -- 
Sea. I t  i s  not  known whether gene flow o r  t h e  un i fo rmi ty  of t h e  
environment i s  most important  f o r  t he  l a c k  of d e t e c t a b l e  g e n e t i c  
d i f f e r e n t i a t i o n  w i th in  t h e  Sargasso  Sea. These popu la t i ons  were 
i s o l a t e d  i n  the  wes tern  p a r t  of the Sargasso Sea where advect ive and 
d i f fus i .ve  processes  a r e  most ene rge t i c .  It remains t o  be seen  i f  
gene t i c  d i f f e r e r l t l a t i o n  o r  c l i n e s  develop ac ros s  t he  broad expanse 
of the  central .  gyres  where much l e s s  advect ion t akes  p l ace .  
S i m i l a r l y ,  the  amount of gene t i c  d i f f e r e n t i a ~ i o n  t h a t  has  developed 
between oceans i s  not  known. 
The only evidence f o r  g e n e t i c  d i f f e r ences  between populat ions 
near  each o t h e r  i n  t h e  same water  mass i s  found i n  t h e  d i f f e r e n c e s  
hetweeil populat ions of Prorocentrum micans i n  the  Gulf of Maine and 
those  on G e o r g e ~  Bank. The d i t f e r e n c e s  a r e  small  and most l i k e l y  
r e s u l t  from asexual  reproduct ion  predominating i n  popula t ions  over 
Georges Bank where cond i t i ons  a r e  conducive t o  r a p i d  r ep roduc t ion  
(ailti where e s s e n t i a l l y  no gene t i c  v a r i a b i l i t y  was found) and a 
g r e a t e r  zmount of s exua l  reproduct ion  occurr ing  (and correspondingly 
more geneti-c v a r i a b i l i t y )  i n  the  Gulf of Maine. 
Rates  of g e n e t i c  change 
P -- 
Populat ions of - E. h u x l e y i ,  - C. l ep topora ,  and - -  T. he imi  were 
i s o l a t e d  a t  s e v e r a l  t imes du r ing  t h e  seasonal  cyc l e .  This  allows us 
t o  t e s t  the hypothes is  t h a t  phytoplankton popula t ions  have the  
genet ic  p o t e n t i a l  f o r  evolv ing  on a  time s c a l e  of months. A s h i f t  
i n  Llle gene t i c  composition of - C. l ep topora  from win te r  t o  summer i s  
appa ren t ,  but  no s h i f t  i s  seen  i n  - E.  huxleyi  o r  - T. .- heimi.  I t  i s  no t  
known what the  s e l e c t i v e  fo rces  might: be behind t h e  seasona l  gene t i c  ' 
change i n  - C. - l ep topora .  Gal lagher  (1978) found a  c l e a r  d i f f e r e n c e  
Setweeu winter  and summer populat ions of Skeletonema costatum i n  the  
- 
e l e c t r o ~ h o r e t i c  m o b i l i t y  of enzymes. The presence of two d i s t i n c t  
groups with almost no in t e rmed ia t e  genotypes i n d i c a t e s  t h a t  S. 
- 
costatum i s  probably g e n e t i c a l l y  d i f f e r e n t i a t e d  on a  s easona l  b a s i s  
---- 
r a t h e r  than evolving seasona l ly .  
Evidence was found f o r  seasonal  gene t i c  change i n  C .  l ep topora ,  
- 
but  no t  i n  - E.  h u x l e y i  - and T. he imi ,  d e s p i t e  s i g n i f i c a n t  amounts of 
--  
g e n e t i c  v a r i a b i l i t y  i n  a l l  t h r e e  s p e c i e ' ~ .  It i s  n o t  known whether 
seasonal  gene t i c  changes occur  i n  only a  few phytoplankton spec i e s  
o r  occur i n  most,  but  a r e  simply d i f f i c u l t  t o  d e t e c t .  Seve ra l  
f a c t o r s  mzike the  d e t e c t i o n  of r a p i d  gene t i c  changes d i f f i c u l t  or  a t  
l e a s t  u n l i k e l y  i n  the  d a t a  presented i n  t h i s  t h e s i s .  
F i r s t  of a l l ,  gene t i c  v a r i a b i l i t y  wi th in  popula t ions  t ends  t o  
obscure  any o v e r a l l  d i f f e r e n c e s  t h a t  may e x i s t  between two 
popula t ions .  Very l a r g e  numbers of c lones a r e  needed t o  be assured  
of s t a t i s t i c a l  s i g n i f i c a n c e  when only  small  g e n e t i c  changes occur .  
Probably the  b e s t  way of d e t e c t i n g  gene t i c  d i f f e r e n t i a t i o n  i s  t o  
examine the  r a t i o  of reproduct ion  r a t e s  i n  two d i f f e r e n t  
environment.al regimes. I n  t h i s  t h e s i s ,  on ly  t h e  r a t i o  of 
reproduct ion  r a t e s  a t  d i f f e r e n t  temperatures  was examined. 
Second, t h e r e  i s  r ea son  t o  b e l i e v e  t h a t  g e n e t i c  changes i n  
a d a p t a t i o r ~  t o  temperature a r e  much slower than i n  o t h e r  types  of 
a d a p t a t i o n s .  I t  seems q u i t e  l i k e l y  t h a t  temperature a d a p t a t i o n  
involves a  very l a r g e  number of genes. Rapid g e n e t i c  change would 
then probably r e s u l t  i n  a  r a t h e r  l a r g e  seg rega t iona l  load .  Genet ic  
adapta t ions  t h a t  r e q u i r e  changes a t  only a  few l o c i  can probably 
evolve more r a p i d l y .  Th i s  i d e a  needs t o  be t e s t e d ,  which i s  
poss ib l e  with the  methods developed f o r  t h i s  t h e s i s .  
The d a t a  on a l l  t h e  spec i e s  taken toge the r  i n d i c a t e  t h a t  while  
small  gene t i c  changes may occur on the  order  of months, most 
pl~ytop'lankton popula t ions  probably do not have t h e  gene t i c  p o t e n t i a l  
t o  evolve very d i f f e r e n t  niche hyperspaces quick ly .  The t ime s c a l e  
on \+hi& phytoplankton can evolve s i g n i f i c a n t l y  d i f f e r e n t  n i che  
hypers paces remains unknown. 
Civet1 the  amount of g e n e t i c  v a r i a b i l i t y  t h a t  i s  observed i n  
n a t u r a l  popula t ions  of phytoplankton, t he  obse rva t ion  of on ly  small  
g e n e t i c  changes on s h o r t  time s c a l e s  i n d i c a t e s  that: t he  gene t i c  
v a r i a b i l i t y  i s  l a r g e l y  non- addi t ive ,  or e l s e  no t  r e spons ive  t o  
envirotunental f a c t o r s  t h a t  change seasona l ly .  Th i s  i n d i c a t e s  t h a t  a  
simple knowledge about on ly  how much gene t i c  v a r i a b i l i t y  e x i s t s  i n  
populat ions does not  allow us t o  p red ic t  t he  p o t e n t i a l  r a t e s  and 




Clonal c u l t u r e s  of coccol i thophores  and d i n o f l a g e l l a t e s  were 
s u f f i c i e r l t l y  s t a b l e  g e n e t i c a l l y  t o  permit the  d e t e c t i o n  of g e n e t i c  
d iFf  erences among c lones .  
Genet ic  d i f f e r e n c e s  among c lones  were found i n  a1.l seven spec i e s  
examined. Thus, t h e  concept of a  phytoplankton s p e c i e s  as  a  s o l e l y  
a sexua l ly  reproducing c lone  w i th  a l l  i nd iv idua l s  g e n e t i c a l l y  t h e  
sane  i s  wrong. Desp i t e  t h e  gene t i c  v a r i a b i l i t y  p r e s e n t  i n  
popu la t i ons ,  however, a s i n g l e  c lone  i s ,  i n  most c a s e s ,  reasonably  
r e p r e s e n t a t i v e  of most of t h e  c e l l s  i n  a popula t ion  because t h e  
g e n e t i c  d i f f e r e n c e s  unong c e l l s  i n  reproduct ion  r a t e s  a r e  on ly  oE 
t h e  order  of 10%. Two excep t ions ,  which c a l l  f o r  c a u t i o n ,  were 
found,  however. F i r s t ,  a smal l  percentage of t he  c e l l s  i n  a  
popula t ion  appear  t o  have reduced reproduct ion  r a t e s  t h a t  l i e  
o u t s i d e  the  "norinal" range of reproduct ion  r a t e s  w i t h i n  a  
popula t ion .  Two o r  t h r e e  c e l l s  from a  popula t ion  should probably be 
examined t o  avoid t h e  p o s s i b i l i t y  of drawing e r roneous  conc lus ions  
about a  popula t ion  from d a t a  based upon one of t h e s e  r a r e  c e l l s  w i t h  
reduced reproduct ive  c a p a c i t y .  Second, a  s i n g l e  c lone  i s  no t  
r e p r e s e n t a t i v e  of a  popu la t i on  i n  hydrographic  regimes where two o r  
more popula t ions  t h a t  have d i f  f  e ren t ia tec l  g e n e t i c a l l y  a r e  mixed 
t o g e t h e r  o r  are h y b r i d i z i n g .  Such s i t u a t i o n s  have been found i n  a  
warm co re  eddy populati.on of - T. pseudonana --  rand, e t  a 1  1980) ~ n d  
A --• 9 
i n  popula t ion  I of - E.  hux ley i  and popula t ion  B of - G. oceanica ( t h i s  
t h e s i s ) .  
Pop i~ l a t i ons  and spec i e s  from e s t u a r i e s  , c o a s t a l  wa te r s ,  and t h e  
Sa rgas so  Sea were examined. No r e l a t i o n s h i p  was found between t h e  
amount of g e n e t i c  v a r i a b i l i t y  w i t h i n  t he  popula t ions  and t h e  
v a r i a b i l i t y  or  p r e d i c t a b i l i t y  of t h e i r  environments.  
I n d i v i d u a l  c lones ,  w h i l e  u s u a l l y  reasonably  r e p r e s e n t a t i v e  of 
t h e  i n d i v i d u a l s  w i th in  a  s i n g l e  popu la t i on ,  a r e  n o t  n e c e s s a r i l y  
r e p r e s e n t a t i v e  of the i n d i v i d u a l s  of the  e n t i r e  s p e c i e s .  Although 
no s t r o n g  g e n e t i c  d i f f e r e n t i a t i o n  was found wi th in  water  masses ,  
s i g n i f i c a n t  g e n e t i c  d i f f e r e n t i a t i o n  was found w i t h i n  a l l  spec i e s  f o r  
which popula t ions  from more t han  one water  mass were examined. 
T h e r e f o r e ,  i t  seems q u i t e  l i k e l y  t h a t  most spec i e s  t h a t  l i v e  i n  more 
t han  one water  mass a r e  d i f f e r e n t i a t e d  g e n e t i c a l l y .  Di f f  e r en t i - a t i on  
between popula t ions  from the  s lope  ~ a t e r  o f f  New England and t h e  
Sa rgas so  Sea has  been found i n  - T. ~ u d o n a n a  --  rand, e t  a l . ,  1980) 
and - G .  oceanic3  - ( t h i s  t h e s i s )  bu t  no t  i n  - E. huxleyi.  ( t h i s  t h e s i s ) .  
Genzt ic  d i f f e r e n t i a t i o n  i n  - E. h u x l e y i  was found between t h e  Gulf of 
Maine and the  popula t ions  f u r t h e r  south  i n  warmer wa te r s .  Thus, t h e  
g e n e t i c  systems oE d i f f e r e n t  s p e c i e s  appear  t o  respond t o  t h e  same 
s p a t i a l  environmental p a t t e r n s  i n  d i f f e r e n t  ways. N e r i t i c  c lones  of 
T. pseudonana c o l l e c t e d  from around t h e  wor1.d were found t o  be 
- ---- 
s u r p r i s i n g l y  s i m i l a r  ( ~ r a n d ,  e t  a l . ,  1980). These d a t a  i n d i c a t e  
t h a t  p a t t e r n s  of s p a t i a l  g e n e t i c  d i f f e r e n t i a t i o n  w i l l  not  be e a s i l y  
p r e d i c t a b l e .  
The populat ion dynamics of spec i e s ,  such a s  - T. pseudonana, E. 
h u x l e y i ,  ....--- and 5. oceanica ,  which a r e  subdivided g e n e t i c a l l y  i n t o  
d i f f e r e n t  popl l la t ions,  must be conceptual ized i n  a  somewhat 
d i f f e r e n t  manner than  has  been done previously.  G e n e t i c a l l y  
d i f  f e r e n t  populat ions a re  l a r g e l y  independent of each o t h e r  i n  t h e i r  
e c o l o g i c a l  behavior.  The popula t ion ,  no t  t h e  s p e c i e s ,  must be  
considered the  e c o l o g i c a l  u n i t .  Rather. than advect ion from a  
c e n t r a l  popula t ion  provid ing  the  biomass found i n  p e r i p h e r a l  
popula t ions  ( t h e  c l a s s i c a l  oceanographic viewpoint) ,  t h e  advec t ion  
should probably be considered as  a  l o s s  t o  t he  parent  popu la t ion ,  
which does not c o n t r i b u t e  s i g n i f i c a z t  biom?ss t o  t h e  p e r i p h e r a l  
populat ion.  The advected c e l l s  ( c a r r i e d  e i t h e r  d i r e c t i o n )  a r e  
probably l e s s  well  adapted t o  the  new environmental regime than  
those  i n  t h e  indigenous populat ion.  The " per iphera l"  popula t ions  
must main ta in  themselves independent ly.  I n  a d d i t i o n  t o  g raz ing  and 
s i n k i n g  ou t  of t h e  pho t i c  zone, advect ion and d i f f u s i o n  out  of t he  
h a b i t a t  i n  which the  popula t ion  can be maintained should be 
considered an important  source  of l o s s  t o  phytoplankton 
popula t ions .  The g e n e t i c  d i f f e r e n t i a t i o n  of spec i e s  i n t o  l o c a l  
popula t ions  makes l o s s e s  by advec t ion  and d i f f u s i o n  an even more 
i r n ~ ~ r t a n t  problem than has previous ly  been thought.  Presumably, t he  
"cost"  of increased  advec t ive  l o s s  i s  balanced by t h e  advantage of 
b e t t e r  adapta t ions  t o  the l o c a l  environment r e s u l t i n g  from g r e a t e r  
gene t i c  d i  f f e r c n t i a t i o n .  
I t  i s  c l e a r  t h a t ,  i n  a d d i t i o n  t o  the  widening of  the 
phys io log ica l  t o l e r ance  of t h e  i n d i v i d u a l  organisms, the  development 
G£ g e n e t i c  d i f f e r e n t i a t i o n  i s  an important mechanism by which 
phytoplankton spec i e s  can expand t h e i r  biogeographic range.  
I t  reniains unc lear  at: the  present  time how much and how quickly  
phytoplankto!: populat ions can change g e n e t i c a l l y  i n  response  t o  
envi ron~uenta l  changes. It appears t h a t  a t  l e a s t  some spec i e s  have 
t h e  p o t e n t i a l  f o r  seasonal  gene t i c  changes, bu t  i t  i s  a l s o  c l e a r  
t h a t  nost of the gene t i c  v a r i a b i l i t y  i n  asexual  reproduct ion  r a t e s  
Is non- addit ive,  or  e l s e  not  respons ive  t o  seasonal. s e l e c t i o n  f o r  
othei- reasons .  The physiological  t o l e r ance  of j nd iv idua l  organisms 
appears  t o  be a  more inlportant c h a r a c t e r i s t i c  than the p o t e n t i a l  of 
popul a t i o c s  f o r  gene t i c  change t h a t  a l lows phytoplankton popula t ions  
t o  su rv ive  t h e  en~rironmental  f l u c t u a t i o n s  t h a t  occur  on t h e  order  of 
weeks t o  ycars  . 
The presence of gene t i c  v a r i a b i l i t y  and d i f f e r e n t i a t i o n  i n  
p l~ytoplankton  populat ions and s p e c i e s  imp l i e s  more than  simply t h e  
f a c t  t h a t  t.he c t ~ a r a c t e r i s t i c s  of a s i n g l e  c lone  cannot always be 
e x t r a p o l a t e d  t o  an e n t i r e  s p e c i e s .  I t  fo rces  us  t o  cons ider  t h e  
s p a t i a l  and temporal d i . s t r i b u t i o n  and abundance of spec i e s  a s  be ing  
t h e  r e s u l t  of both environmental f a c t o r s  and gene t i c  processes .  For 
exampie, t h e  recenL migra t ion  of t h e  "red t ide"  dinof  l a g e l l a t e  
Convaulax t a n ~ a r e n s i s  soutllward along the  e a s t e r n  North American 
- &  -- - 
c o a s t l i n e  could be the  r e s u l t  of a  changed environmental regime o r  
of gene t i c  changes w i t h i n  the  populat ions t h a t  all-ow them t o  l i v e  i n  
t h e  more southern  environments.  As another example, t he  d e c l i n e  i n  
abundance of c e r t a i n  s p e c i e s  i n  warn1 and colcl core  edd ie s  could be 
a t t r i b u t e d  t o  the  d e t e r i o r a t i o n  of the environment w i t h i n  the  
e d d i e s ,  but one cannot r u l e  out  t he  p o s s i b i l i t y  t h a t  p a r t  of t h e  
d e c l i n e  a l s o  i s  due  t o  reduced f i t n e s s  r e s u l t i n g  from h y b r i d i z a t i o n  
of semispecies  with gene pools t h a t  a r e  not coadapted. 
This  t h e s i s  has not  givea an explana t ion  f o r  any p a r t i c u l a r  
e c o l o g i c a l  phencmenon observed i n  phytoplankton popu la t ions  i n  t h e  
ocean. It has simply demonstrated t h a t ,  i n  a d d i t i o n  t o  
envirorxnental f a c t o r s ,  gene t i c  processes  a r e  p l a u s i b l e ,  a l t e r n a t i v e  
(not  exc lus ive )  exp lana t ions  f o r  t h e  eco log ica l  p a t t e r n s  observed. 
Both environmental 2nd g e n e t i c  f a c t o r s  must be considered i n  




I n  a d d i t i o n  t o  environmental f a c t o r s ,  t he  adap ta t i ons  t h a t  
popula t ions  2nd spec i e s  a r e  a b l e  t o  evolve a r e  important  i n  
de te rmin ing  e c o l o g i c a l  behavior .  To what e x t e n t  t h e  evol u t i o n  of 
t h e s e  a d s p t s t i o n s  i s  d i r e c t e d  by e n v i r o ~ ~ ~ n e n t a l  p t t e r n s  and t o  what 
e x t e n t  i t  i s  r e s t r i c t e d  and shaped by gene t i c  c o n s t r a i n t s  is no t  
known. That only a small  amount of g e n e t i c  change occurs  on t h e  
o r d e r  of months g ives  us no answer t o  t he  ques t ion  of how f a r  
populo t icns  can evolve toward an "optimal s t r a t egy" .  It does not  
t e l l  us  t o  what e x t e n t  n a t u r a l  s e l e c t i o n  i s  capable  of produci-ng 
e c o l o g i c a l l y  r e l evan t  adap ta t i ons  and t o  what ex t en t  t h e  adap t ive  
p o t e n t i a l  of the popula t ions  and s p e c i e s  i s  r e s t r i c t e d  by g e n e t i c  
p o t e n t i a l ,  p l e i o t r o p i c  me tabo l i c  i n t e r a c t i o n s ,  and o t h e r  forms of 
p l ~ y l e t i c  i n e r t i a  ( s ee  d i s c u s s i o n  by Gould and Lewontin, 1979) .  
S tud i e s  h ipher  up the  phylogene t ic  h i e r a r chy  may i n d i c a t e  t h e  
p o t e n t i a l  l i m i t s  of n a t u r a l  s e l e c t i o n  f o r  developing envi ronmenta l ly  
r e l e v a n t  adap ta t i ons .  Data on g e n e t i c  v a r i a b i l i t y  p re sen t  i n  
n a t u r a l  popula t ions  provide us  with b a s i c  in format ion  on how 
r e p r e s e n t a t i v e  a  s i n g l e  organism i s  of a l l  the  organisms i n  a 
popu la t i on ,  but they may t e l l  us  very  l i t t l e  about  long term 
e v o l u t i o n a r y  p o t e n t i a l ,  e s p e c i a l l y  i f  g e n e t i c  l i nkage ,  e p i s t a s i s ,  
p l e i o t r o p i s m ,  and non- addi t ive g e n e t i c  v a r i a b j - l i t y  a r e  impor tan t .  
Othcr app~:oaches rnay be more u s e f u l .  
An examinat ion of t he  amount of gene t i c  d i f f e r e n t i a t i o n  with 
r e s p e c t  t o  h a b i t a t  d i f f e r e n c e s  probably g ives  an i n d i c a t i o n  of how 
f a r  n a t u r a l  s e l e c t i o n  can change popula t ions  g e n e t i c a l l y  i n  response 
t o  di.Eferent environmental regimes on somewh~t longer  t ime s c a l e s .  
I'faSit a t  r e l a t e d  p a t t e r n s  and phylogene t i c  pa t  t e r n s  i n  va r ious  
c h a r a c t e r i s t i c s  of organisms, i nc lud ing  envircnrnental f i t n e s s  
cu rves ,  should i n d i c a t e  t h e  e x t e n t  t o  which n a t u r a l  s e l e c t i o n  d r ives  
t h e  evo lu t ion  of e c o l o g i c a l l y  r e l e v a n t  ' adapta t ions  and the  e x t e n t  t o  
which the  evo lu t iona ry  p o t e n t i a l  of popu la t i ons  i s  r e s t r i c t e d  by 
t h e i r  geni-:tic po t en t i a l . ,  p l e i o t r o p i c  i n t e r a c t i o n s ,  and o t h e r  types 
of p h y l e t i c  i n e r t i a .  They should i n d i c a t e  what t ypes  of adap ta t i ons  
a r p  rc l . . i t ive ly  e a s y  t o  evolve and what types a r e  no t .  Very few such 
d a t a  have been c o l l e c t e d  on phytoplankton,  but  t h o s e  a v a i l a b l e  shov 
t h a t  t h i  s approach could provide use£ u l  i n s i g h t  . 
Phylogene t ic  t r e n d s  have been found i n  t h e  maximum p o t e n t i a l  
eproduct iou r a t e  of phytoplankton (Chan, 1978;  Brand and G u i l l a r d ,  i 
980) and the d i e 1  p e r i o d i c i t y  of c e l l  d i v i s i o n  of phytoplankton 
 elso son and lirancl, 1979). Thus, d a t a  now e x i s t  on the m o u n t  of 
gene t i c  v a r i a b i l i t y  w i t h i n  i n d i v i d u a l  popula t ions  of phytoplankton 
and on g e n e t i c  constancy w i t h i n  phytopl ankton phyla.  C l e a r l y ,  d a t a  
on g e n e t i c  constancy and v a r i a b i l i t y  a t  l e v e l s  i n  between t h e s e  two 
e x t r m e s ,  such a s  spec i e s  c l u s t e r s ,  genera ,  and f a m i l i e s ,  would h e l p  
e l u c i d a t e  t he  e x t e n t  t o  which t h e  evolution of v a r i o u s  
c h a r a c t e r i s t i c s  and environmental f i t n e s s  curves i s  inf luenced  by 
t h e  environment through n a t u r a l  s e l e c t i o n ,  and the  e x t e n t  t o  which 
evolu t ionary  p a t t e r n s  a r e  r e s t r i c t e d  by g e n e t i c  p o t e n t i a l .  Such 
information i s  needed f o r  an understanding of what types  of 
ad:aptaLions can evolve r a p i d l y  and ~11a t  types a r e  d i f f i c u l t  or  slow 
t o  evolve. The h i e r a r c h i c a l  l e v e l s  a t  which phylogenet ic  and 
h a b i t a t  r e l a t e d  t r ends  a r e  found should i n d i c a t e  t o  some ex ten t  t he  
t ime s c a l e s  upon which var ious  c h a r a c t e r i s t i c s  can evolve.  Only by 
searching  f o r  both d i v e r s i t y  and uniformity i n  components of the 
n iche  hyperspace and o the r  c h a r a c t e r i s t i c s  a long t h e  whole 
phylogcneti-c h i e r a r c h y  from the ind iv idua l  t o  e n t i r e  phyla can we 
begin t o  understand t h e  i n t e r a c t i o n  of eco iog ica l  and evo lu t iona ry  
processes .  
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